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ABSTRACT 
The study of the magmatic microgranular enclaves (MMEs) as relics of mafic magmas gives important information on the origin of parent 
magmas and their evolution. In the study area, MMEs are either concentrated at the margins of the I-type granodiorite pluton or within some 
parts of its interior. Most of the enclaves are either ellipsoidal or ovoid in shape and tend to have sharp contacts with the enclosing host rock. 
Sizeable enclaves, however, are less ellipsoidal and are characterized by curved boundaries. The contact is sometimes marked by a chilled 
margin with no sign of solid state deformation. 
MMEs exhibit classical features of mafic melts globules trapped in granitic magma. Swarms of MMEs are either related to convection 
currents in magma chamber or to gravitational sorting of heterogeneous magmas. 
The enclaves contain the same mineral assemblages as the host rock though their proportions are different. They contain megacrysts of 
plagioclase similar in composition to that of the host rock. The enclaves are composed mainly of plagioclase, K-feldspar, and hornblende in 
addition to minor amounts of clinopyroxene and orthopyroxene. 
The MMEs are rather basic to intermediate in composition as their Si02 content ranges between 46% and 58%. The composition of most 
MMEs clusters near the granodiorite trend line. Many trace elements do not show clear linear correlation with the Si02 content and are 
scattered off the trends defined by related granodiorite. 
The pétrographie and geochemical characteristics of the enclaves and their hosting granodiorite indicate that granodiorite is a product of 
partial melting and fractional crystallization of a basic magma, and that the enclaves are trapped blobs of basic to intermediate parental 
magma. Both major and trace elements contents of the investigated enclaves indicate that they were formed as a result of mingling and 
mixing during magma evolution. 
Key words: granodiorite, I-type magmatic enclaves, chilled margin, Southern Sinai. 
INTRODUCTION 
Saint Katherine Complex is situated in the high 
mountainous area of southern Sinai. The country rock 
includes Solaf gneisses, a volcanoclastic suite (Rutig 
volcanics), a calc-alkaline plutonic series represented by 
metagabbro-diorite complex, quartz monzonite, quartz 
diorite, and other granitoid rocks (Hassen 1997). 
The quartz monzonite, granodiorite, and quartz syenite at 
Wadi Rahaba-Gebel Sheikh El-Arab area contain rounded 
microgranular enclaves oriented locally by the magmatic 
flow of the host-rocks. Large composite enclaves occur in 
quartz syenite, whereas very small enclaves are found in the 
porphyritic quartz monzonite. Granodiorite is the most 
prevailing magmatic phase in the study area. 
The magmatic microgranular enclaves (MMEs) are 
common components in the I-type granitic rocks. Didier 
(1973), White and Chappell (1977), and Barbarin and Didier 
(1991) indicated that mafic enclaves provide important 
information about the nature of their source rocks as well as 
the genesis of granitic melt. The study of enclaves is of great 
importance because it could shed some light on the mode of 
emplacement of granitoid magmas, the dynamics of magma 
chambers, their cooling processes, and the origin and 
evolution of the granitoid melts. 
The MMEs constitute trapped mafic fragments of fine-
grained igneous products, generally with ovoid shape and 
sharp contacts, representing blobs of coeval magmas. Didier 
and Barbarin (1991) and Vernon (1983) defined and 
reviewed the French term "enclave". It is clearly known that 
xenoliths refer to foreign rock fragments, while inclusions 
refer to mineral grains enclosed in another. Consequently, 
there is a close relationship between enclaves and their host 
rock. Therefore, the term enclave but not xenolith is the most 
suitable term for the present study. 
The MMEs are widespread in the granitic rocks of calc-
alkaline, shoshonitic, or alkaline nature. Their characterization, 
geochemical affinity, genesis, and evolution have been 
extensively investigated by several authors. Some of them 
suggested that they are products of the coexistence of two 
contrasting magmas. Vernon (1984, 1990) and Barbarin and 
Didier (1992) suggested that the majority of enclaves 
represent the mafic end members of a more or less 
hybridized or mixed two magmas. The mingling, according 
to those authors, should be restricted to systems with 
mechanical interactions. The authors recognized the 
following three interaction processes in the coexisting 
magmas: thermal, mechanical, and chemical exchanges. The 
specific textural and compositional characteristics of an 
enclave will vary with the relative intensity of these three 
factors. For example, when the mechanical exchange 
predominates, megacrysts of the host magma are abundant in 
the enclaves. Chemical and mechanical exchanges cause the 
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hybridization of the microgranular 
mafic enclaves, producing compositions 
closer to the host rock. These exchanges 
frequently precede the basic magma 
batch dispersion by magma flow, 
producing the microgranular mafic 
enclaves (Hibbard. 1995). 
Magma mingling as a mechanism 
for the genesis of MMEs attracted the 
attention of many authors (Didier 1987, 
Vernon et al. 1988, Dodge and Kistler 
1990, Barbarin and Didier 1991, Castro 
et al. 1990, 1991, Tobisch et al. 1997, 
Sinha et al. 2001, Dahlquist 2002). The 
typical igneous textures described by 
many researchers (Didier 1984 and 
Vemon 1991) stated that the fine-
grained chilled margins surrounding 
many MMEs favor their formation from 
the crystallization of silicate melt. 
Some authors used numerical 
simulations of a chaotic dynamic system 
involving stretching and folding 
processes (Perugini et al. 2002, 2003). 
Others have modelled the process using 
whole-rock compositions (Wei et al. 
1997, Moyen et al. 2001). They focused 
their studies on the textures, trace 
element patterns and isotope geology of 
the zoned minerals, (Bussy 1990, 
Ginibre et al. 2002, 2004, Barbarin 
2005, Gagnevin et al. 2005ab; and 
Slaby et al. 2007a). 
In many granitic intrusions, 
microgranular magmatic enclaves 
provide strong evidence of interaction 
between coeval mafic and felsic 
magmas (Vernon 1990, 1991, Barbarin 
and Didier 1992, Barbarin 2005). The 
mechanical migration of crystals, back 
and forth, from one magma to another 
causes zonal growth (Vernon 1986, 
Waight et al. 2000ab, Barbarin 2005, 
Slaby et al. 2007ab). 
Feldspars are sensitive indicators of 
thermal and chemical heterogeneities in 
their crystallization environment 
(Knesel et al. 1999, Ginibre et al. 2002, 
2004, Troll and Schmincke 2002, 
Perugini et al. 2005, and Slaby et al. 
2007ab). Primary melt compositions 
may be well reflected in the trace and 
major elements compositions of the 
growth zones if the feldspar crystals 
grow close to the crystal-melt 
equilibrium boundary. Slowly 
diffusing compatible trace elements, 
for example Ba, which is commonly 
chosen as an index of magma mixing, 
can be used to track the process step by 
step (Cherniak 2002) and is often used 
to examine growth histories of K-
feldspar crystals (Long and Luth 1986, 
Cox et al. 1996, Ginibre et al. 2004. 
Gagnevin et al. 2005a and Slaby et al. 
2007a). 
The origin of the microgranular 
enclaves is interpreted as being related 
to one of the followings: (1) fragments 
of wall rock facies closely related to the 
host magma; (2) globules of mafic melt 
injected into resident felsic host melt; 
and (3) fragments of recrystallized 
refractory metamorphic rocks co-
mingled with resident granitic melt 
(Maas et al. 1997). So the origin of the 
microgranular enclaves is controversial. 
The enclaves of the Egyptian 
Precambrian granitoids have been 
studied by several researchers. For 
example, Ammar et al. (2003) studied 
the enclaves of El-Delihimmi-Nusla 
granite pluton, central Eastern Desert of 
Egypt, and concluded that they were 
formed as restite in a granite source. 
Several granitoid masses are also widely 
exposed in southern Sinai; many of 
them contain microgranular enclaves 
and granodiorite represents one of these 
examples. El-Metwally (1993) studied 
the microgranular enclaves of the 
granitoid rocks in southwestern Sinai 
and suggested a mingling model of 
mafic globules of different 
compositions. Surour and Kabesh 
(1998) described swarms of mafic 
microgranular enclaves in Wadi Risasa 
area southeastern Sinai. They reported 
that the opaque mineralogy and 
geochemistry of the enclaves and their 
host rocks are almost identical. 
The main objective of this paper is 
to test the magmatic processes that 
might have been involved in the genesis 
of the microgranular enclaves hosted by 
the granodiorite of Wadi Rahaba. 
Therefore, the geologic setting, 
petrology, and geochemistry of the 
microgranular enclaves and their host 
rock are thoroughly studied to present a 
workable model for their petrogenetic 
evolution. 
GEOLOGIC SETTING 
Saint Katherine area is composed 
of late-Precambrian rocks including 
metagabbro-diorite complex, granodiorite, 
quartz-monzonite, quartz diorite, and 
other varieties of granitoid rocks (Fig. 1). 
Granitic intrusions in southern Sinai 
are classified into three groups according 
to their geological, geochemical, and 
petrological characteristics (Hassen 
1997). These three groups are: 
(1) Calc-alkaline granitoids (Phase 
I): (quartz diorite, quartz monzodiorite, 
quartz monzonite, granodiorite, and 
hornblende-biotite granite). 
Fig. 1. Geologic and Location map of the investigated area. 
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(2) Subcalc-alkaline granitoids (Phase 
II): (porphyritic biotite monzogranite, 
coarse-grained biotite monzogranite, and 
pegmatitic monzogranite). 
(3) Syenogranite (Phase III)'. 
(Alkali feldspar granite, syenogranite, 
microsyenogranite, and granophyric 
granite). 
Metagabbro is represented by small 
homogenous weathered outcrops ( 2 x 5 
km) of brown to greenish-brown color, 
medium- to coarse-grained texture, and 
are massive to weakly-foliated. It also 
occurs as an E-W-trending belt located 
to the southeast of Gebel Nakhla. It is 
intruded by monzogranite, quartz 
monzonite, and the ring dyke of Saint 
Katherine. Some metagabbroid sheets 
were locally intruded by diorite and 
syenogranite. 
The two largest occurrences of 
quartz diorite intrude the metagabbro-
metadiorite complex at Gebel Sheikh 
El-Arab. They are homogeneous, 
weathered, greenish-grey colored rocks, 
and generally have medium- to coarse-
grained granular to weakly-foliated 
texture. The fine-grained diorite, on the 
other hand, is recorded in the 
northeastern and northwestern parts of 
the study area. In the southeastern parts, 
small masses of medium- to fine-
grained quartz monzodiorite are 
observed showing gradational contacts 
with quartz monzonite. There are also 
large elliptical monzodioritic blocks 
making sharp contacts with quartz 
monzonite. 
Quartz monzodiorite is massive to 
weakly-foliated and heterogeneous, 
with subangular psammitic and 
gabbroic xenoliths. Foliation in the 
xenoliths predates the emplacement of 
quartz monzodiorite, which is also cut 
by monzogranitic dykes. 
Granodiorite intrudes into mafic 
magmatic rocks. It has sharp contacts 
with the country rocks which comprise 
metagabbroic and dioritic rocks. The 
effect of contact metamorphism was 
observed in the surrounding country 
rock. Facies of contact metamorphism 
formed around the granodiorite porphyry 
dikes range from K-feldspar-cordierite-
hornfels facies, and hornblende-hornfels 
facies down to albite-epidote-hornfels 
facies. Both the intrusive rock and the 
country rock are intruded by Katherina 
ring dyke. The volcanic rocks comprise 
andesite, latite-andesite, dacite, rhyodacite. 
Fig. 2. Different types of microgranular enclaves (MMEs) observed in the study 
area. (A) Pillow-like mafic enclave formed as an offshoot of basic magma. (B) 
Dyke-like enclave showing curved boundary and sharp contact with the host rock. 
(C) Different types of microgranular enclaves. (D) A swarm of enclaves showing 
interaction with the host rock. Note whitish colored alkali feldspar megacrysts in 
the largest enclave. (E) A microgranular enclave showing gradational contacts with 
the host rock. Alkali feldspar crystals enclosed in the enclave are indicative of 
magma mingling. A hybrid zone is also observed in the upper part of the photo. (F) 
A microgranular mafic enclave showing a sharp contact with the host rock and 
enclosing prominent crystals of plagioclase feldspars. 
Granodiorite has a medium- to 
coarse-grained hypidiomorphic granular 
texture. The marginal zones of the 
intrusion were commonly injected with 
aplitic veins, . which have various 
orientations and thicknesses. Small 
pegmatitic as well as minor composite 
dikes are also observed near the margin 
of the intrusion. Large pegmatitic veins 
consisting of K-feldspar, biotite, quartz, 
epidote, topaz, and pyrite usually occur 
at the contacts between aplites and 
granodiorite or within the aplitic vein 
itself. Nodular pegmatites, which have 
the same mineralogical composition as 
the pegmatitic veins, are present around 
Rahaba Village. 
Hornblende monzogranite pluton is 
either equigranular or porphyritic with a 
medium- to coarse-grained matrix 
containing K-feldspar megacrysts 
attaining 5 cm in length. Monzogranite 
intrudes granodiorite, quartz monzonite, 
and the metagabbroid rocks of Wadi 
Rahaba. Large granodiorite enclaves 
within monzogranite were also 
observed. 
Pillow-like enclaves, formed as an 
offshoot of basic magma, are recorded 
near the contact between the ring 
complex and monzogranite (Fig. 2A). 
They are angular to oval in shape and 
locally occur as dyke-like enclaves, 
which become progressively thinner 
towards their termination with the host 
granitoid. They show curved boundary 
as well as sharp contact with the host 
rock (Fig. 2B). 
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Quartz monzonite occurs northwest of the study area at 
Wadi Isbaiya mainly in the central part of both the eastern 
and northern borders of the pluton. It is greyish-pink colored 
and has a massive, non-foliated, coarse- to medium-grained 
hypidiomorphic granular texture, in which up to 1 cm long 
K-feldspar megacrysts are frequently observed. 
The contact between quartz monzonite and syenogranite 
is commonly sharp or locally grades to a fine- to medium-
grained quartz syenite, which contains some dioritic enclaves 
and gneissose xenoliths. Other quartz monzonitic to 
monzodioritic masses in the investigated area have also been 
assigned to the quartz monzonitic intrusive suite of Wadi 
Isbaiya (Hassen 1997). 
There are two intrusive masses which show compositional 
and textural affinity. The largest one is a quartz-poor, K-
feldspar porphyritic hornblend-biotite monzogranite. The other 
monzogranitic mass has an equigranular texture and contain 
lesser amounts of hornblende. The contact between 
monzogranite and metagabbro is sharp and is interleaved with 
gabbro. Alignments of K-feldspar megacrysts in the central 
part of the mass refers to primary foliation that developed 
during the early stages of crystallization. 
K-feldspar porphyritic hornblend-biotite monzogranite is 
widespread in the Rahaba area. The rock grades from 
porphyritic monzonite to equigranular monzogranite. The 
rock is pink in color, slightly weathered, massive to weakly-
foliated, and ranges in texture from medium- to coarse-
grained granular to strongly porphyritic. Megacrysts of K-
feldspar, up to 5 cm long, account for 10 to 20% of the rock, 
whereas those of plagioclase feldspars are quite rare. 
Syenite and quartz syenite of the ring dyke are typically 
massive. Most of them have a coarse- to medium-grained 
granular texture and a dark brown to deep purple color. They 
may, however, contain K-feldspar megacrysts, where K-
feldspar/plagioclase ratios vary considerably. Biotite is the 
main mafic mineral, often associated with pyroxene and 
magnetite. A coarse-grained greyish variety of syenite was 
also observed and is characterized by well-developed laths of 
feldspars. Some outcrops form sheet-like bodies, up to two 
kilometers long, interleaved with country rocks; their 
margins are commonly intensively sheared. 
Augite-bearing porphyritic basaltic-andesite occupies a 
small area of Gebel Nakhla. The rock is medium- to fine-
grained, grey to black in color with some amygdales filled 
with epidote and K-feldspar. 
Orange-pink to brick red colored syenogranite is among 
the most widespread rock types in Saint Katherine area. It 
forms roughly an oval-shaped pluton taking a NE-SW 
direction. The contact of syenogranite with the country rock 
is sharp showing no evidence of metasomatic alteration. 
These rocks, however, are cut by veins and pockets of 
pegmatite as well as microgranite dikes. Basic enclaves are 
occasionally observed. Miarolitic cavities are locally 
common and often contain orthoclase and smoky quartz 
crystals up to 3 cm long. In many localities, syenogranite is 
cut by pink to pinkish-buff colored, fine-grained aplite dikes 
that are mineralogically similar to granite. Aplite dikes are 
usually less then 5 cm wide. 
Syenogranite contains 5% biotite with lesser amounts of 
hornblende, epidote, titanite and/or magnetite. Locally, 
however, it may contain up to 15% mafic minerals. It is 
therefore identified as biotite syenogranite that varies in 
texture from medium- to coarse-grained granular to fine- to 
medium-grained sub-porphyritic. It is composed of quartz, 
alkali feldspar, minor plagioclase, biotite, and minor 
amphibole. In the syenogranite showing sub-porphyritic 
texture, graphic texture is frequently recorded in the fine-
grained variety and biotite is often altered to chlorite. 
Fluorite-bearing syenogranite was also observed in Wadi 
Rasis area. 
Magmatic Microgranular Enclaves 
Magmatic microgranular enclaves (MMEs) are fine-
grained and darker in color than the host-rock (Fig. 2C). They 
are basic, dioritic, monzonitic, tonalitic, and granodioritic in 
composition. The enclaves are not only restricted to the 
margins of the hosting granodiorite pluton but they were also 
recorded in other parts as well. They may appear closely 
spaced but they do not commonly form swarms (Fig. 2D). 
Some mafic enclaves (basic in composition) may also contain 
smaller monzogranite enclaves indicating that mafic and felsic 
magmas were coeval. 
The enclaves range from 1 to 70 cm in diameter. Most of 
the enclaves, however, may cluster around either the 2-5 cm 
or the 20 cm across size range. The largest enclaves are 
commonly observed along the margins of the granodiorite 
pluton. Although they vary widely in size, most of the 
enclaves are elliptical. They have crenulated surfaces, chilled 
margins, and sharp to partly diffuse contacts with their host 
rock. Some of these features are indicative of plastic 
behavior. Sharp contacts, however, are frequently observed 
among the smallest enclaves, which tend to show a finer 
grained texture and a more mafic content at their margins 
compared to their core. Biotite enrichment is rarely observed 
along the margins of the enclaves. 
The enclaves have porphyritic to hypidiomorphic 
granular fine-grained textures (0.05-0.5 mm). Grain size 
varies from the chilled margin to the core of the enclave. 
This is largely attributed to different cooling rates, which 
variably affects the nucleation rates and the growth rates of 
the crystallizing mineral phases. 
It was observed that mafic enclaves may also enclose 
alkali feldspar megacrysts related to the granite host rock 
(Fig. 2E). In this case, their margins tend to display a 
gradational contact with the host rock and a hybrid zone may 
develop. Other enclaves, enclosing host-related plagioclase 
crystals, have margins displaying a rather sharp contact with 
the granodioritic host rock (Fig. 2F). Megacrysts of 
amphiboles are also recorded in both the enclaves and the 
surrounding host rock. 
These aforementioned observations suggest that two 
contrasting magmas were involved in the evolution of the 
magmatic rocks of the study area and that the MMEs 
represent quenched globules of a mafic magma caused by 
magma mixing/mingling processes (Hibbard 1991, Vernon 
1991, Kim et al. 1998). 
Hybrid Zone 
A well-preserved outcrop of a hybrid zone shows 
gradational contacts with granodiorite. It is comparable, both 
mineralogically and texturally, to the MMEs and is 
composed of mesocratic to melanocratic quartz diorite and 
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granodiorite. The dark color is 
attributed to the presence of 
microgranular enclaves where 
markedly higher proportions of 
hornblende and biotite occur. It is 
believed that these rocks are products 
of mafic-felsic magma mixing, where 
mafic magma is relatively more 
abundant. 
PETROGRAPHY 
The host rocks of the MMEs are as 
follows: 
(1) Quartz Diorite: 
Quartz diorite has a medium-
grained granular texture and is mainly 
composed of oligoclase, quartz, 
hornblende (10%), biotite, and It-
feldspar in addition to minor amounts 
of magnetite and epidote. 
The textural characteristics of quartz 
diorite reflect slow cooling and the 
presence of volatiles, which facilitated 
mineral growth. Similarly, biotite and 
hornblende indicate the availability of 
water and thence high-vapor pressure 
during crystallization. Some of the 
amphibole crystals are considered as 
products of primary magmatic 
crystallization, but many others may 
represent late- to post-magmatic 
crystallization. Reactions involving 
water-rich fluids are also responsible for 
the replacement of hornblende by late-
magmatic overgrowths of biotite. 
(2) Granodiorite: 
Granodiorite shows variation in 
both texture and mineral composition. 
It varies from medium- to coarse-
grained equigranular to porphyritic in 
texture. Its essential mineral 
constituents include plagioclase, 
quartz, K-feldspar, hornblende, and 
biotite, whereas accessory mineral 
phases comprise zircon, apatite, 
titanite, allanite, and opaque minerals. 
Plagioclase, hornblende, and biotite 
tend to form euhedral to subhedral 
crystals, whereas quartz and K-feldspar 
occur as string microperthite and 
containing fine-grained quartz 
inclusions (Fig. 3A).and occurs as 
interstitial minerals. Zoned crystals of 
plagioclase may also display spongy 
cellular texture. Hornblende commonly 
displays simple twinning. Biotite is 
subordinate, fresh, or scarcely altered to 
chlorite with epidote and/or sphene. 
Both biotite and hornblende often have 
small inclusions of euhedral plagioclase, 
particularly near their crystal margins. 
Some samples, however, are partially 
replaced by secondary minerals such as 
sericite, clay minerals, and epidote. 
Partly resorbed early-formed 
crystals of plagioclase are mantled with 
marginal overgrowths of alkali feldspar 
and xenomorphic plagioclase and 
quartz (Fig. 3B). 
(3) Monzogranite: 
Monzogranite consists essentially of 
plagioclase, quartz, and microperthitic 
alkali feldspar in addition to biotite and 
hornblende. Apatite, magnetite, zircon, 
allanite. and tourmaline are accessories. 
Sphene also is present, but the lack of 
idiomorphism and its disposition 
between biotite cleavages, indicates that 
it as a secondary mineral. Plagioclase 
predominates as an early-formed 
mineral phases. It appears as tabular 
crystals with zoning (oscillatory 
zoning). Monzogranite has two varieties 
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inequigranular hornblende monzogranite 
and equigranular monzogranite. 
(a) Plagioclse megacryst-hearing 
hornblende monzogranite: 
This hornblende monzogranite has a 
light grey color and a coarse-grained 
porphyritic texture. It is distinguished 
by well-developed megacrysts of 
plagioclase (up to 1 cm long). 
Plagioclase, orthoclase microperthite, 
quartz, hornblende, and biotite are the 
essential minerals. Xenomorphic 
aggregates of quartz grains occur within 
plagioclase phenocryst (Fig. 3C). 
Tourmaline, allanite, and zircon are the 
predominant accessories in addition to 
smaller proportions of opaque minerals, 
apatite and monazite. Chlorite and 
opaque minerals represent the alteration 
products of primary mafic minerals. 
Alteration minerals tend to coexist with 
secondary biotite and tourmaline. 
Ojfmm 
Fig. 3. Photomicrographs of the host rock (granodiorite). (A) String microperthite 
and fine-grained quartz inclusions in the host rock. (B) Xenomorphic plagioclase 
and quartz. (C) Xenomorphic aggregates of quartz grains within plagioclase 
phenocryst. (D) Microcline crystal showing cross-hatched twinning with 
plagioclase and quartz inclusions. (E) Strained quartz grain showing wavy 
extinction. Biotite and cross-hatched microcline are present. (F) Micrographie 
intergrowth in Quartz syenite. 
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(b) Equigranular monzogranite: 
It has a medium- to coarse-grained texture and is rich in 
mafic enclaves. It is composed of microperthitic K-feldspar, 
plagioclase, and quartz, in addition to the mafic and 
accessory minerals commonly observed in inequigranular 
monzogranite. Microcline crystal showing cross-hatched 
twinning with plagioclase and quartz inclusions (Fig. 3D). 
Strained quartz grain showing wavy extinction. Biotite and 
cross-hatched microcline are present (Fig. 3E). Well-
developed crystals of epidote, which are ascribed to 
hydrothermal alteration, are accompanied by pervasive 
sericitization and chloritization. Some quartz grains may 
display weak wavy extinction. 
Reaction between mafic enclaves and monzogranite is 
indicated by the presence of rims of biotite around the 
enclaves. 
(4) Porphyritic quartz syenite: 
Porphyritic quartz syenite has a grey color with 
porphyritic texture, in which phenocrysts of microperthitic 
alkali feldspar and partially resorbed quartz are set in a fine-
to medium-grained groundmass. Essential minerals comprise 
alkali feldspar, quartz, biotite, and hornblende. Magnetite, 
ilmenite, apatite, and zircon are accessory minerals. 
Micrographic intergrowth is predominate at quartz syenite 
(Fig. 3F). 
(5) Syenogranite: 
Syenogranite has a greyish-pink color and a medium- to 
coarse-grained equigranular to mildly porphyritic texture. 
Essential mineral constituents include alkali feldspar, quartz, 
and plagioclase. Microperthitic orthoclase and plagioclase 
tend to form tabular subhedral crystals. Zoning in plagioclase 
feldspars are not frequently observed. Individual crystals of 
alkali feldspar may display both pristine and brownish-
colored turbid areas. The proportion of turbid areas to 
pristine ones is highly variable, but averages about 15-30%. 
Perthitic texture is common. Quartz occurs as anhedral 
grains. Minor brown biotite occurs as euhedral to subhedral 
flakes, which contains inclusions of zircon, apatite, ilmenite, 
and monazite. Biotite is also partly altered to chlorite. 
Accessory minerals, in general, include Mn-rich 
titanomagnetite, titanite, fluorite, zircon, and apatite. 
Hybrid Rocks 
The mineral assemblage of the hybrid rocks, namely 
mesocratic to melanocratic quartz diorite and granodiorite, 
includes plagioclase, quartz, K-feldspar, hornblende, and 
biotite with subordinate amounts of apatite, zircon, titanite, 
magnetite and ilmenite. Prominent textural features include 
rapakivi texture, where well-developed K-feldspar crystals 
are surrounded by rims of plagioclase. and ocellar texture, 
where aggregates of hornblende and biotite mantle quartz 
crystals. 
Microgranular Enclaves 
The MMEs and the host rocks show different types of 
textural relationship. The observed textural differences are 
resulted from local variations in physical conditions during 
crystallization. The texture of the MMEs, however, is not 
considered a cumulate fabric. As products of early 
crystallization from a parental magma, the MMEs have the 
same geochemical role as cumulates sensu stricto in basic 
magmatic systems, especially with regard to the development 
of the fractional crystallization process (Vernon 1991). 
Some MMEs are equigranular, whereas others form 
porphyritic subhedral seriate texture and contain oligoclase-
andesine phenocrysts in tonalitic enclaves, and andesine-
labradorite in dioritic ones. In this case the plagioclase forms 
the phenocrysts and the matrix consists of fine-grained 
quartz, plagioclase, hornblende, and rarely biotite. The 
MMEs contain the same mineral phases as the granitoid host 
but with different proportions. They are mainly composed of 
Ca-plagioclase and mafic minerals, such as pyroxene, 
hornblende, and biotite, whereas the host granitoids tend to 
contain lower modal proportions of Ca-plagioclase and mafic 
minerals but much higher modal proportions of quartz and 
alkali feldspars. Plagioclase and hornblende, however, are 
invariably the dominant minerals in the enclaves. 
The microgranular enclaves are classified modally as 
tonalites, granodiorites, and monzogranites. The MMEs 
commonly show porphyritic hypidiomorphic granular texture 
with phenocrysts of plagioclase, quartz, and minor biotite 
and alkali feldspar. The phenocrysts are thought to be 
petrogenetically related to the host granitic magma because 
they are similar to those of the surrounding granite both in 
size and in texture. 
The groundmass is largely composed of elongated laths 
of zoned plagioclase feldspars, biotite, hornblende, and 
interstitial quartz. The grain size of the groundmass material 
ranges from 0.05 to 0.3 mm. Biotite and hornblende are 
mostly less than 0.1 mm in length. Plagioclase occurs as lath-
shaped euhedral grains that may display zoning. Large 
desorbed plagioclase crystals with albite rims coexisting with 
idiomorphic plagioclase (Fig. 4A). 
Phenocrysts of plagioclase occurs as euhedral to 
subhedral with polysynthetic twins, tabular crystals that tend 
to have markedly altered cores, some of which may represent 
isolated patches or skeletal relics of early-formed plagioclase 
feldspars Partial melting of enclave and its reaction with the 
host rock (Fig. 4B). Fine-grained plagioclase, hornblende, 
biotite, and accessory minerals, particularly acicular apatite 
may occur as inclusions in plagioclase phenocrysts. Some 
phenocrysts may also exhibit different types of zoning 
textures, such as oscillatory zoning. Others, however, do not 
display any chemical zoning and are plausibly derived from 
the host granite as they are frequently associated with 
primary magmatic crystals of quartz and biotite. This type of 
phenocrysts usually displays cellular texture. Coarse-grained 
zoned plagioclase with inclusions of mafic minerals (Fig. 
4C) are common.. Small laths of plagioclase feldspars are 
clearly discernable in the groundmass material. 
Alkali feldspars occur as phenocrysts and as interstitial 
fine-grained crystals in the groundmass. Phenocrysts comprise 
orthoclase and microcline microperthite. The groundmass, 
however, is apparently dominated by cross-hatched 
microcline. Many alkali feldspar phenocrysts display poikilitic 
textures, which are quite similar to those observed in the 
hosting granodiorite. Alkali feldspars may also contain minute 
inclusions of apatite and opaque minerals. Myrmekitic and 
micrographic intergrowths are frequently observed at the 
mutual contacts of alkali feldspars and plagioclase . 
Quartz is distinguished into three main types. The first one 
defines markedly-developed anhedral crystals surrounded by 
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Fig. 4. Photomicrographs of the Microgranular. (A) Large resorbed plagioclase 
crystals with albite rims coexisting with idio-morphic plagioclase. (B) Partial 
melting of enclave and its reaction with the host rock. (C) Coarse-grained zoned 
plagioclase with inclusions of mafic minerals. (D) Amphibole rim and Fe-oxides 
developed along crystal cleavage. (E) Well-developed zircon, apatite, biotite and 
alkali feldspar in MME. Apatite shows quenched morphologies. 
rims of hornblende and biotite. These 
large quartz ocelli, however, could be 
considered as xenocrysts of granitic 
origin. The second type is the poikilitic 
quartz, which is characterized by small 
inclusions of lath-shaped plagioclase, 
hornblende, biotite, Fe-Ti oxides, and 
acicular apatite. The third type is 
represented by the interstitial quartz of 
the groundmass material. 
Biotite may attain 2 mm in length, 
but it is mostly less than 1 mm. It 
occurs either as subhedral flakes or as 
irregular crystals with ragged ends. 
Some enclaves contain blade-shaped 
biotite, which is usually located near 
the crystal margins of plagioclase. 
Prominent flakes of biotite may contain 
inclusions of plagioclase, hornblende, 
and zircon. Greenish-colored biotite is 
partly replaced with chlorite, 
particularly along grain boundaries and 
cleavage planes. Biotite, and also 
hornblende, may partly enclose early-
formed crystals of plagioclase. 
Hornblende occurs as medium-
grained or fine-grained stubby prismatic 
crystals. It also occurs in aggregate with 
biotite and Fe-Ti oxides and as 
pseudomorphs after decomposed 
pyroxene. In the groundmass, hornblende 
evidently concentrates in the inner parts 
of MME. Large poikilitic crystals of 
hornblende enclose fine-grained biotite, 
plagioclase feldspars, titanite, zircon, and 
opaque minerals. Pyroxene crystals, 
which represent relics of the initial mafic 
magma, occur in minor amounts. They 
are partly or completely altered to 
hornblende Amphibole rim and Fe-
oxides developed along crystal cleavage 
(Fig. 4D). 
Apatite is the most common 
accessory mineral. It occurs mainly as 
acicular crystals that range from 0.1 to 
1 mm in length but average less than 
0.4 mm. These crystals are either 
arranged in radial or parallel patterns 
or are randomly scattered. They are 
enclosed in quartz, plagioclase, and K-
feldspar, but they are more commonly 
concentrated in K-feldspar and quartz 
than in plagioclase. Wyllie et al. (1962) 
suggested that acicular apatite crystals 
are characteristic of rapidly cooling 
magmas. 
Other accessory and secondary 
minerals include epidote, allanite, 
sphene, and zircon. Epidote may occur 
in aggregate with hornblende and 
biotite or as secondary alteration 
product that extensively replaces the 
Ca-rich core of the plagioclase. 
Allanite forms fine-grained subhedral 
crystals, whereas sphene occurs either 
as early-formed perfect wedge-shaped 
crystals or as interstitial crystals (<0.5 
mm) in the groundmass. Zircon forms 
fine-grained rounded grains. Some 
prismatic and stubby zircon crystals, 
however, are enclosed alkali feldspars. 
In summary, criteria shown by 
plagioclase indicates that crystallization 
took place under disequilibrium 
magmatic conditions and that poikilitic 
quartz and alkali feldspars define late 
stage crystallization from infiltrating 
granite melt. Quartz ocellars observed in 
the groundmass suggest mechanical 
transfer of quartz into the mafic 
microgranular enclaves during the 
crystallization stage of both mafic and 
felsic magmas. The presence of large 
poikilitic crystals of hornblende and 
blade-shaped biotite flakes indicate that 
they were formed during late magmatic 
stages. Acicular crystals of apatite are 
rather suggestive of a rapid growth from 
a mafic magma undergoing high rates of 
under-cooling. Pyroxene crystals, 
however, represent relicts of the initial 
mafic magma. 
GEOCHEMISTRY 
Method: Major-element whole-rock 
analyses were carried out in the 
laboratories of the Egyptian Geological 
Survey, Cairo. Most of the trace 
elements were determined by XRF 
Philips PW 1450/20. Rare earth elements 
were carried out in Instrumental neutron 
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Table 1. Whole-rock chemical analyses of the granodiorite of Wadi Rahaba, southern Sinai, Egypt. 
HR3 HR6A HR7 HR8 HR9 HR11 HR12A HR13 HR14AHR15A HR17 HR18 HR19 HR25 HR26 HR27A HR28 HR29 HR33 HR34 HR35 
Si02 65.5 66.25 66.8 65.5 65.5 64.82 68.71 67.67 66.85 64.11 64.95 63.94 65.36 61.26 61.86 72.94 73.47 65.76 66.96 66.15 72.81 
TiO, 0.51 0.51 0.54 0.56 0.56 0.59 0.46 0.48 0.51 0.59 0.59 0.6 0.26 0.59 0.56 0.35 0.31 0.53 0.54 0.56 0.39 
A1203 15.3 14.86 14.9 14.9 14.7 15.46 14.66 14.26 15.06 15.86 15.46 15.77 15.73 16.06 15.86 13.25 12.94 15.38 14.66 15.06 13.36 
Fe203T 4.25 4.25 4.25 4.6 4.6 4.66 3.44 3.85 3.95 4.66 5.12 4.87 4.27 5.06 4.67 2.03 1.86 4.01 3.96 4.87 2.04 
MnO 0.07 0.07 0.07 0.08 0.08 0.08 0.06 0.08 0.07 0.07 0.08 0.07 0.06 0.08 0.07 0.04 0.04 0.07 0.07 0.07 0.04 
MgO 2.02 1.96 1.95 2.23 2.23 2.32 1.47 1.8 1.96 2.18 2.23 2.22 2.08 2.5 2.22 0.5 0.5 1.82 1.8 1.85 0.79 
CaO 4.07 4.3 3.46 4.07 3.84 4.22 3.08 3.15 3.46 3.99 3.61 4.07 4.03 6.13 5.96 1.96 2.05 4.22 3.84 3.81 1.97 
Na20 3.4 3.32 3.35 3.32 3.4 3.32 3.16 3.32 3.32 3.48 3.4 3.39 3.34 3.48 3.44 3.53 3.55 3.45 3.48 3.48 3.59 
K20 3.63 3.6 3.68 3.77 3.74 3.53 3.96 3.87 3.85 3.69 3.59 3.58 4.07 3.47 3.68 4.28 4.44 3.48 3.5 3.57 4.19 
LOI 0.58 0.74 0.66 0.55 0.76 0.97 0.69 0.59 0.85 0.59 0.48 0.61 0.56 0.72 0.87 0.47 0.54 0.65 0.64 0.55 0.5 
Total 99.3 99.86 99.6 99.6 99.4 99.97 99.69 99.07 99.88 99.22 99.51 99.12 99.76 99.35 99.19 99.35 99.7 99.37 99.45 99.97 99.68 
Ga 13.4 16.6 16.5 17.9 12.2 18.1 16.2 16.2 13.1 15.0 20.0 14.6 15.5 15.7 18.0 11.1 13.7 16.6 12.4 16.7 12.5 
Rb 107.2 121.6 127.7 116.0 116.1 109.5 135.6 137.9 139.4 113.6 118.5 114.0 115.4 103.5 112.9 139.3 146.9 110.6 119.5 119.1 139.8 
Sr 623.6 599.1 621.1 610.5 618.2 631.2 631.9 447.7 502.1 574.8 623.3 633.4 632.8 601.9 635.0 191.5 202.0 532.6 508.2 493.0 181.9 
Y 24.9 26.6 31.0 31.6 29.3 29.7 32.7 26.0 25.8 29.0 31.3 28.2 24.0 30.6 33.0 53.6 36.1 22.7 24.0 24.3 50.8 
Zr 151.0 151.0 123.7 141.8 160.6 158.1 126.6 115.5 124.6 149.6 141.1 144.7 135.1 142.7 135.9 199.4 150.9 124.4 112.4 123.3 203.1 
Nb 6.0 11.7 8.4 10.9 11.2 6.7 13.9 13.8 4.7 9.9 6.0 4.0 11.3 10.5 9.4 9.5 12.3 12.1 10.7 5.5 16.0 
Ba 622.5 538.6 607.1 685.1 713.1 648.0 537.7 586.3 655.4 644.9 575.2 632.1 636.0 606.4 674.6 524.5 387.3 573.1 602.3 563.9 472.2 
Th 1.3 3.5 19.0 0.0 6.4 0.0 0.0 28.9 14.1 11.1 16.6 4.1 12.6 8.0 16.9 31.9 16.9 0.0 12.5 16.0 2.1 
U 4.0 0.0 21.3 2.2 0.0 0.0 0.0 4.7 5.0 0.0 3.7 6.1 13.9 0.0 5.6 16.7 12.9 0.0 14.2 11.9 0.2 
Table 2. Whole-rock chemical analyses of the microgranular enclaves of Wadi Rahaba, southern Sinai, Egypt. 
El-1 El-2 El-3 El-4 El-5 El-6 El-7 El-10 El-D El-E El-F E15-C E16-B E19-B E19-D E20-B E40-1 
Si02 56.14 55.02 58.46 57.46 54.58 55.82 53.23 53.30 56.45 59.15 53.10 52.47 56.80 57.76 58.46 57.25 58.44 
Ti02 0.85 0.78 0.70 0.83 0.82 0.68 0.97 1.03 0.86 0.66 1.23 1.14 0.57 0.69 0.91 0.69 0.57 
A1203 17.24 14.54 17.17 17.13 16.90 17.72 14.91 18.45 17.26 15.61 15.20 18.50 15.31 14.90 17.43 16.29 14.91 
Fe203T 6.61 7.83 6.02 6.10 6.95 5.99 8.50 7.81 6.87 5.08 8.72 6.07 5.10 5.82 4.28 5.96 6.33 
MnO 0.16 0.28 0.13 0.14 0.17 0.16 0.28 0.15 0.16 0.18 0.18 0.18 0.15 0.18 0.14 0.17 0.18 
MgO 4.98 7.02 3.77 3.85 5.26 4.70 7.62 4.56 4.67 5.08 8.76 6.02 5.10 5.83 4.28 5.49 6.06 
CaO 6.53 7.90 6.03 6.15 7.18 7.37 8.70 6.65 5.95 7.42 6.64 7.53 5.82 6.43 5.78 6.66 7.10 
Na20 3.85 3.34 4.06 4.13 3.98 4.13 3.31 4.62 4.28 4.10 2.54 4.52 3.04 3.29 4.27 3.70 3.71 
K2O 3.56 3.17 3.55 4.06 3.02 3.32 2.31 3.58 3.34 2.63 3.54 3.42 7.99 4.88 4.35 3.04 2.56 
Total 99.93 99.87 99.90 99.85 99.14 99.87 99.83 100.15 99.84 99.90 99.91 99.85 99.88 99.88 99.90 99.33 99.86 
Ni 21.6 111.0 16.9 17.3 37.1 28.0 89.8 20.9 23.6 27.6 159.4 24.3 67.4 55.6 22.0 37.8 41.7 
Cu 44.7 24.9 46.8 28.2 8.7 32.5 13.4 0.0 38.5 16.4 50.9 14.1 11.5 39.6 33.1 23.0 13.0 
Zn 76.1 83.3 68.0 76.7 78.8 67.3 110.9 80.2 75.8 71.4 129.5 82.0 59.4 82.3 77.8 71.8 74.5 
Ga 16.9 15.4 17.1 16.9 17.1 19.6 18.7 20.4 15.5 15.6 14.9 18.5 11.9 15.2 18.2 14.9 16.5 
Rb 128.1 97.4 110.0 148.2 112.0 98.0 97.4 146.4 131.5 79.2 145.7 126.8 162.7 136.1 172.6 72.2 66.1 
Sr 405.4 388.9 614.5 477.4 450.9 559.5 468.1 474.1 409.6 491.8 412.8 529.7 567.1 448.8 542.9 485.1 429.8 
Y 41.6 44.3 43.4 34.6 45.2 42.4 33.7 47.9 36.7 54.3 34.1 36.2 39.4 42.2 46.2 32.1 26.1 
Zr 147.7 150.4 154.8 172.6 204.7 128.5 243.5 196.2 175.0 179.8 160.4 188.1 155.2 152.6 176.3 73.5 91.7 
Nb 14.2 13.6 14.1 12.3 16.8 12.3 11.8 19.4 17.8 13.6 16.1 14.7 11.7 14.3 20.8 10.9 9.0 
Ba 799.0 485.0 905.1 844.8 614.5 843.5 482.4 756.4 641.6 418.9 590.2 590.6 2470.7 1522.9 696.2 694.3 601.2 
Th 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5.7 11.4 1.7 1.7 10.0 0.0 0.0 2.4 0.0 
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activation analysis (INAA) technique 
(Atomic Reactor of the Technical 
University, Budapest). 
Result.Seventeen rock samples from 
mafic microgranular enclaves and 
twenty one samples from the host 
country rocks have been analyzed for 
major and minor elements (Table 1 and 
2). The mafic microgranular enclaves 
are chemically distinct from the host 
granodiorite. It is observed that the 
chemical composition of the 
granodiorite is rather homogeneous. 
The Si02 contents of the enclaves 
range from about 46% to 57 % and 
lower than the SiO? contents of the 
host rock. A1203, CaO and Na20 of the 
enclaves are higher and K20 content is 
generally lower than the similar 
components of the granodiorite host. 
The higher A1203 and NazO in the 
mafic microgranular enclaves are 
related to the higher plagioclase 
content and higher CaO is effect of 
higher plagioclase and hornblende 
contents. 
On the diagrams of silica vs. major 
oxides (Fig. 5), correlations are good 
for apparent for all these major oxides 
of the enclaves and host granodiorite 
with the exception of Na20, K 20 and 
A1203 which show scatter plot for the 
sample of enclaves. Na20 in the 
granodiorite shows no clear trend 
relative to Si02, but Na20 variation fall 
within a narrow interval between about 
3% and 3.5%. All samples of 
granodiorite show linear negative 
correlation with Si02 except for K20. 
The femic oxides (Fe203T, MgO, CaO 
and MnO) show well-defined, 
continuous negative correlation relative 
to the Si02. 
Many trace elements do not show 
clear correlation with Si02 (Fig. 6). 
They are scattered off the trends 
defined by related granodiorite. The Rb 
plot displays notable scatter. Although 
a vague trend of increasing Rb with 
increasing Si02 is apparent for the 
granodiorite, while Rb abundances in 
the enclaves, show notable scatter plot. 
Nb abundances roughly increase 
relative to decreasing Si02, though in 
view of the scatter, the trend probably 
has little significance. Ga abundances 
in both enclaves and granodiorite are 
characterized by their scatter plot. 
Usually Th and U abundances of the 
enclaves are lower than the host 
granodiorite. The Y and Zr abundances 
Fig. 5. Silica vs. major oxides variation diagram of the studied MMEs and host 
rock granodiorite samples. Symbols: ( • Enclaves) and ( • Host rock). 
vary widely in the enclave samples. It 
is observed that the Y and Zr 
abundances increase relative to 
decreasing Si02 although the scatter of 
values has little linear trend. The Sr 
plot is marked by curved pattern, and 
shows the maximum Sr amount at 60% 
Si02. 
It is observed that the behavior of 
some major and trace elements relative 
to silica contents (Fig. 5 and 6), 
especially Al, Na, and K, confirms that 
chemical variations among micro-
granular enclaves are not explained by 
magmatic differentiation processes. 
These chemical variations related 
mostly to hybridization resulting from a 
mingling process as suggested 
petrographically. 
The Zr/Si02, Y/Si02, Nb/Si02 
diagrams of Collins et al. (1982), 
shown in Fig. 6 indicates also 
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Fig. 6. Silica vs. trace elements variation diagram of both MMEs and host rock 
granodiorite samples. 
that all the analyzed calc-alkaline 
granodiorite samples fall within the I-
type granite field (Nb values are less 
than 21 ppm, Zr values are less than 
250 ppm and Y contents are less than 
55 ppm). 
By using Shand index diagram (Fig. 7), 
it is evident that the host rock has 
meta-aluminous characteristics 
Applying the diagram of Pearce et 
al. (1984) shown in Fig. 8 and 9, it is 
evident that the analyzed microgranular 
enclave samples occupy the subduction-
related volcanic arc granite field 
(VAG) near the separating line of the 
(WPG) field. 
By applying the diagram of Pearce 
et al. (1984) shown in Fig. 6, the 
analyzed granodiorite samples fall in 
the volcanic arc or syncollision granite 
field and occupy the same site of the 
enclave samples and still near the 
separating line of the (WPG) field. 
On the diagram R1 vs. R2 (Fig. 10), 
it is evident that the host rock 
granodiorite and enclaves occupy the 
field of the pre-plate collision and post-
collision uplift area. 
Chemically (Debon and Le Fort 
1982), the granitoid rocks are 
granodiorite , adamellite , and quartz 
monzodiorite . The majority of the 
analyzed samples lie within the 
granodiorite field.. According to 
Debon and Le Fort (1982) this cafemic 
association indicates a mantle-derived 
source. 
White and Chappell (1977) 
suggested that linear trends on 
variation diagrams have been 
interpreted as evidence either of 
magma mixing or of restite unmixing. 
However Wall et al. (1987) have 
shown that under certain conditions 
fractional crystallization can also 
generate linear trends. Dorais et al. 
(1990) reported that, if the 
compositional spectrum of enclave 
samples ranges from 46 to 57 wt% 
Si02, this will be related to fractional 
crystallization. 
DISCUSSION AND CONCLUSIONS 
It is worthy to mention that the 
present study revealed that the mafic 
microgranular enclaves, (MMEs) in the 
Egyptian granitoids needs more 
investigations in order to reach a new 
plateau in the understanding of their 
genesis and also to formulate a basic 
hypothetical model for their evolution. 
The existence of MMEs within the 
granitoid rocks represents an important 
characteristic feature of the granitic 
magma and the petrogenesis of these 
enclaves is controversial. Various 
hypotheses have been advanced by 
several authors to explain the 
petrogenesis of these enclaves and their 
host granitic magma. 
The enclaves are fragments of 
earlier mafic parental magma. The 
trapping or these basic fragments by 
acidic magma has been called magma 
mingling. The trapped basic magma 
was generally considered of mantle 
origin, (Clarke 1992), whereas the 
acidic magma may represent either 
products of crustal melting or residues 
from the differentiation of basic 
magma. Bailey (1984) suggested also 
that mafic microgranular enclaves and 
their host granites are hybrid rocks 
resulting from incomplete mixing and 
mingling of acidic and basic 
components. Clarke (1992) indicated 
also that continental arc metaluminous 
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Fig. 7. Shand Index diagram for the studied MMEs and host 
rock granodiorite samples, (Maniar and Piccoli 1989). 
Symbols are the same than in the previous figures. 
Fig. 9. Nb vs. Y tectonic diagram for the investigated host 
rock granodiorite, (Pearce et al, 1984). 
granitoids created by the partial melts of basaltic rocks that 
were previously derived from the partial melts of the 
mantle. Orsini et al. (1991) suggested that mixing involves 
thermal equilibration and various types of interactions 
between the two coeval magmas, such as material 
exchanges between the two components through either 
mechanical transfers of crystals or chemical transfers. 
During chemical transfer, the migration of alkali elements 
from the acid towards the basic components is recognized 
by chemical analyses. 
Field relations revealed that the contact between enclaves 
and their host rocks is often marked by a chilled margin with 
no sign of solid state deformation. 
Hybrid quartz diorite-granodiorite rocks are mesocratic to 
melanocratic in composition. They represent zones of mafic-
felsic magma mixing. Hybrid quartz diorite-monzodiorite-
granodiorite is exclusive to the granodiorite at the southwest 
of Wadi Rahaba. Their texture is porphyritic to equigranular 
showing growth textures compatible with magma mixing. 
Fig. 8. Rb vs. Y+Nb tectonic diagram for the investigated 
host rock granodiorite, (Pearce et al. 1984). 
R 1 
Fig. 10. R1 vs R2 diagram of the host rock granodiorite. 
The hybrid zone is surrounded by granodioritic rocks. An 
important feature of the hybrid zone is that the mineral 
constituents of the granodiorite and the monzogranite show a 
good linear relationship, suggesting dynamics of a mafic 
magma batch. The hybrid zone is another type of mafic 
microgranular enclave, formed by magma mixing/mingling 
process where mafic magma is more abundant than granitic 
magma. 
The interaction between magma and country rocks 
(assimilation) is also present. Although there could have 
been assimilation, there was little chance for chemical 
interaction. These are mostly unmodified rocks that show 
only scarce hornfels structure. 
Bussy and Ayrton (1990) indicated that the quartz ocelli 
are result of the mechanical transfer of the quartz xenocrysts 
from the acid system into the more basic environment. The 
mingling process followed by mixing process. During the 
incomplete mixing process some igneous textures are 
developed in the enclaves, Hibbard (1995). 
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The microgranular enclaves neither contain andalusite, 
sillimanite, cordierite, garnet nor residual minerals formed 
from mica dehydration. There is no continuous variation in 
the meta-aluminosity from enclaves to granodiorite; so they 
do not represent restites. 
Some of the MMEs contain quartz and plagioclase 
megacrysts of similar size and composition to those of the 
host rock, suggesting that these megacrysts have been 
mechanically transferred from the host granitic magma to the 
enclave. 
There is no regular decrease in anorthite content of 
plagioclase from the granodioritic enclave to the host granite. 
This observation does not support fractional crystallization 
model, suggesting that the microgranular enclaves do not 
represent autoliths. The fine grain size of the studied 
enclaves than the host rock, the existence of double enclaves, 
the rounded and ovoid shapes of them, the complex 
oscillatory zoning of plagioclase phenocrysts in the 
granodioritic enclaves and the acicular apatite crystals found 
in the majority of enclaves, suggest that a mixing process 
between both mafic and felsic magma can be operated and 
the enclaves have been incorporated by the host granitic melt 
as magma globules. 
The studied MMEs are enriched in biotite, the mafic 
magma had a higher water content, which enable it to remain 
liquid inside the granite magma and favored chemical mixing 
(Grasset and Albarede 1994). Biotite crystallized early 
during the fast cooling stage and was chemically re-
equilibrated after the thermal equilibration, during the slow 
cooling stage of the basic magma inside the granite magma. 
Biotites from the cores and rims of the small granodioritic 
enclaves show some chemical differences suggesting that the 
rims have more fully equilibrated with the host rock 
The textural features in the MMEs such as poikilitic K -
feldspars and plagioclase, irregular poikilitic quartz patches, 
quartz ocelli rimmed by mafic minerals, skeletal relic 
plagioclase crystals, are all consistent with magma mixing 
process between felsic (host) and mafic (enclave) magma. 
The relic pyroxenes in the enclaves represent residual 
crystals of initial basic magma. 
The important textural variations described for the 
granitoids at the outcrop scale reflect slow cooling and the 
presence of a volatile, which facilitates mineral growth. In 
the same way, biotite and amphibole indicate the availability 
of water and elevated pressure during crystallization. 
However, it is possible that not all crystals of amphibole are 
products of magmatic crystallization. In some crystals, 
commonly preserved relic patches of clinopyroxene, indicate 
late magmatic or post-magmatic crystallization replacement. 
Reactions involving water-rich fluids also include late 
magmatic overgrowth processes responsible for the 
replacement of pyroxene by green hornblende especially at 
the contact with the gabbroid rocks. 
During magma mingling/mixing process, mechanical and 
chemical transfers developed from acidic to basic magma. A 
mafic magma intruded and mingled with the granite magma, 
which were partially crystallized, because phenocrysts of 
host granite were transferred to microgranular enclaves as 
xenocrysts. Quick crystallization took place due to the 
thermal contrast and mechanical mixing, which was 
important in the petrogenesis of granodioritic enclaves. 
Fig. 11. Hypothetical diagram shows the evolution of the 
MMEs and their granodiorite host rock. 
However, the differences in viscosity of the contrasting 
magmas, decrease the rate of the chemical mixing between 
them. 
Evidence of disequilibrium are manifested in feldspars by 
oscillatory zoning, resorbed rims, mantling and punctuated 
growth, together with overgrowth of clinopyroxene/amphibole 
on quartz crystals, as well as the development of Fe-Ti oxides 
along clinopyroxene cleavages. According to Hibbard (1995) 
spongy cellular texture is formed as a result of dissolution or 
direct melting caused by reheating of a Ca-plagioclase 
component in more a felsic plagioclase composition. These 
observations suggest that the MMEs are derived from a 
hybrid-magma formed as a result of the intrusion of a mafic 
magma into the base of a felsic magma chamber, (Fig. 11.). 
The higher contents of some major oxides (except Si02 
and K20) and Nb, Y ratios in the enclaves related to the 
chemical transfer of trace and major elements. 
Granodiorite is metaluminous, I-type, calc-alkaline in 
character. The enclaves have intermediate composition. They 
are classified as mafic microgranular enclaves on the basis of 
their dark color, grain size and textural properties. 
Petrographic and geochemical studies of the MMEs and their 
granodioritic host rock indicate that the latter is a product of 
partial melting and fractional crystallization of basic magma 
and that the MMEs are trapped blobs of basic magma in 
acidic magma. The mineralogical compositions of mafic 
microgranular enclaves are more or less similar to the 
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granodioritic host rock but have different proportions of the 
mineral constituents. 
The Y and Nb contents of the enclaves are generally 
higher than those of the host rock; these high contents are 
similarly explained by a chemical transfer of trace and major 
elements out of the acid component. 
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SHOCK METAMORPHISM AT TERRESTRIAL IMPACT STRUCTURES: 
MINERALOGICAL AND GEOLOGICAL CONSEQUENCES 
ARNOLD GUCSIK 
Max Planck Institute for Chemistry, Department of Geochemistry, Joh.-J.-Becherweg 27., D-55128, Mainz, Germany, 
e-mail: gucsik@mpch-mainz.mpg.de 
ABSTRACT 
The impact cratering as a leading process in the formation of the planetary bodies and surfaces and their geological as well as mineralogical 
consequences have been summarized in this review article, which is based on PhD. thesis of Arnold Gucsik at Univeristy of Vienna. The 
purpose of this study is to provide the most important lithological and shock diagnostic features of shock metamorphism accompanied with 
terrestrial impact structures. The first section of this study gives a brief summary of the formation mechanism and stages of an impact 
structure as well as a short description of basics of the sock wave physics of an impact event. The next section deals with the types of 
terrestrial impact structures. The lithological shock-metamorphic indicators and diagnostic shock features in the target rocks are mentioned in 
the following sections. 
Key words: shock metamorphism, impact crater, shock wave, impact-derived glasses, shock-induced microdeformations 
INTRODUCTION 
Shock metamorphism is the sum of irreversible 
chemical, mineralogical and physical changes in the target 
materials that occur during the hypervelocity impact event 
(Melosh 1989). The following chapters have been 
summarized from reviews by French and Short (1968), 
Sharpton and Grieve (1990), Stoffler and Langenhorst 
(1994), Grieve et al. (1996), Koeberl (1997) and French 
(1998). When an extraterrestrial projectile (comet or 
asteroid) hits target rocks of a planetary surface, geologic 
materials are subjected to shock pressures above their 
Hugoniot Elastic Limit (HEL), which is on the order of 5 to 
10 Gigapascals (GPa) (Sharpton and Grieve 1990). Shock 
metamorphism provides evidence for conditions associated 
with impact cratering (e.g., French and Short 1968, Stoffler 
and Langenhorst 1994, Grieve et al. 1996, Koeberl 1997, 
French 1998 and references therein) including the high 
pressures, temperatures, and strain rates (106-108 s-1), 
which lead to characteristic structural and phase changes in 
minerals. Figure 1 shows a comparative pressure-
temperature diagram of endogenic metamorphism and 
shock metamorphism (Koeberl 1997). The most 
characteristic products of shock metamorphism, as well as 
the associated diagnostic features are listed in Tables 1 and 
2. These diagnostic shock features are the most important 
criterion to evaluate the impact origin of a crater, in 
particular when characteristic features of progressive shock 
metamorphism, as listed in Tables 1 and 2, are found. 
Large impact events differ in many ways from endogenic 
processes such as volcanic explosions, earthquakes, and plate 
tectonics (French 1998): 
• There have been no historical records or examples of 
large meteorite impacts. 
• The impact energy is limited only by the mass and 
velocity of the projectile and concentrated within a 
fraction of time compared to the hundreds or thousands of 
years through volcanism, earthquakes, tectonic processes, 
and heat flow. 
• The energy is released in an impact event shattering, 
deforming, melting, and even vaporising large volumes of 
target rock in a fraction of seconds. 
• Large impact events cause biological extinctions, because 
their impact energy is released near the surface and 
directly into the biosphere. 
• Unique deformation effects occurred as changes in 
minerals such as mineral deformations and melting under 
the extreme high pressure and temperature (e.g., the 
shock pressure is approximately 60 GPa and post-shock 
temperature is about 2000°C). 
Pressure 
Fig. 1. Conditions of endogenic metamorphism and shock 
metamorphism in the pressure-temperature fields. This 
comparison diagram exhibits the onset pressures of various 
irreversible structural changes in the rocks due to shock 
metamorphism and the relationship between pressure and 
post-shock temperature for shock metamorphism of granitic 
rocks (after Koeberl 1997, his Fig. 2). 
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Table 1. Shock pressures and effects (from Stöffler and Langenhorst, 1994; French, 1998). 
Approximate Shock Estimated Post Shock Effects 
Pressure (GPa) Temperature (°C) 
2-6 <100 Rock fracturing; breccia formation; Shatter cones 
5-7 100 Mineral fracturing: (0001) and ( 10T 0) in quartz 
8-10 100 Basal Brazil twins (0001) 
10 100 
Quartz with PDFs {10T 3} 
12-15 150 Quartz -> stishovite 
13 150 Graphite —> diamond 
20 170 
Quartz with PDFs {10Ï2), etc. 
Quartz, feldspar with reduced refractive indices, lowered birefringence 
>30 275 Quartz coesite 
35 300 
Diaplectic quartz, feldspar glasses 
45 900 Normal (melted) feldspar (vesiculated) 
60 >1500 Rock glasses, crystallised melt rocks (quenched from liquids) 
80-100 >2500 Rock glasses (condensed from vapor) 
*For dense nonporous rocks. For porous rocks (e.g., sandstones), postshock temperatures = 700°C (P = 10 GPa) and 1560°C (P = 20 GPa) 
Table 2. Characteristics and formation pressures of various shock deformation features. 
Pressure (GPa) Features Target characteristics Feature characteristics 
2-30 Shatter cones Best developed in homogeneous, fine- Conical fracture surfaces with 
grained, massive rocks, both subordinate striations radiating from a 
sedimentary and crystalline. focal point. 
5-45 Planar fractures Highest abundance in crystalline rocks; PDFs: Sets of extremely straight, 
(PF) and planar found in many rock- forming minerals; sharply defined parallel lamellae; 
deformation e.g., quartz, feldspar, olivine, and zircon occur often in multiple sets with 
features (PDFs) specific crystallographic orientations. 
30-40 Diaplectic glass Most important in quartz and feldspar Isotropization through solid-state 
(e.g., maskelynite from plagioclase). transformationunder preservation of 
crystal habit as well as primary defects 
and sometimes planar features. Index 
of refraction lower than in crystal but 
higher than in fusion glass. 
15-50 High-pressure Quartz polymorphs (coesite, stishovite) Recognisable by crystal parameters, 
Polymorphs most common, but also ringwoodite from confirmed usually with XRD or NMR; 
olivine, jadeite from plagioclase, and abundance influenced by post-shock 
majorite from pyroxene. temperature and shock duration; 
Stishovite is temperature liable. 
>35 Impact diamond From carbon (graphite) present in target Cubic and hexagonal form; usually 
rocks; rare very small but occasionally up to 
millimetre-size; inherit graphite crystal 
shape 
45->70 Mineral melts Rock-forming minerals (e.g., Contrary to diaplectic glass, liquid-
lechatelierite from quartz) state transformation of a mineral into 
glass. 
Either glassy (fusion glasses) or 
crystalline; of macroscopically 
homogeneous, but microscopically 
often heterogeneous composition. 
Large melt sheets may be medium to 
coarse-grained, and resemble 
endogenetic igneous rocks. 
GPa = Gigapascals; XRD = X-ray diffraction; NMR = nuclear magnetic resonance; PDFs = planar deformation features (after 
Koeberl, 1997, his Table 1). 
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>60 Rock melt Best developed in massive silicate rocks. 
Occur as individual melt bodies 
(millimetre to meter size) or as coherent 
melt sheets, up to >1000 km3. 
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IMPACT CRATERING MECHANICS 
The impact cratering process is commonly divided into the 
contact and compression, excavation, and modification stages 
(Gault et al. 1968, Melosh 1989,1992). During the compression 
stage, structural modifications and phase changes occurred in 
the target rocks. The morphology of a crater is developed in the 
excavation and modification stages (Fig. 2). 
Contact and compression stage 
During the contact and compression stage, the projectile 
or impacting object first hits the planet's surface (the target) 
and transfers its energy and momentum to the underlying 
rocks. The projectile traveling at a few kilometers per second 
produces large specific kinetic energy (E=Vi mv2, m = mass, 
v = velocity) (Melosh 1992). For instance, a stony meteorite 
of only 6 m diameter, colliding with the Earth at 20 km/s, 
releases as much energy [8.3 x 1023 Joules (J) or 20,000 tons 
(20 kT) of TNT] as an atomic bomb (French 1998). 
This stage lasts only a bit longer than the time required 
for the impacting object to travel its own diameter, 
(a) 
t c c = L / V J , (1) 
where tcc is the duration of contact and compression, L the 
projectile diameter, and v, the impact velocity. 
The shock wave in the projectile reaches its back (or top) 
surface in contact and compression stage. Simultaneously, 
the pressure is released as the surface of the compressed 
projectile expands upward (wave of pressure relief 
propagates back downward toward the projectile-target 
interface). During the irreversible compression process, the 
projectile has been compressed to high pressure (hundreds of 
gigapascals) producing liquid or gaseous state due to heat 
deposited in the projectile (Melosh 1992). 
Very high velocity jets of highly shocked material are 
formed, where strongly compressed material is close to a free 
surface. The jet velocity depends on the angle between the 
converging surface of the projectile and the target, but may 
exceed the impact velocity by factors as large as five 
(Melosh 1992). 
Hugoniot Elastic Limit (HEL) 
The projectile hits the target, generating strong shock waves, 
which leads to compression of the target rocks at pressures far 
above a material parameter called the Hugoniot elastic limit 
(Melosh 1989). The Hugoniot Elastic Limit (HEL) describes the 
maximum stress in an elastic wave that a material can be 
subjected to without permanent deformation (Melosh 1989). 
The value of the HEL is about 5-10 GPa for most minerals and 
whole rocks. The only known natural process that generates 
these high shock pressures exceeding the HELs is hypervelocity 
impact. The strength of the shock waves can be demonstrated or 
measured from the Hugoniot equations, relating quantities in 
front of the shock wave (subscript 0) to quantities behind the 
shock wave (Melosh 1989) 
p(U-pp) = p0U 
P-P0 = po pPU 








Fig. 2. Schematic diagram of the stages of the formation of a 
simple impact crater (from French, 1998; Fig.3.3). 
where P is pressure, p density, pp particle velocity after the 
shock, U the shock velocity, and E energy per unit mass. 
These three equations are equivalent to the conservation of 
mass, momentum, and energy, respectively, across the shock 
front. The Hugoniot equations must be supplemented by a 
fourth equation, the equation of state, that relates the pressure 
to the density and internal energy in each material, 
P = P(P, E) (5) 
Alternatively, a relation between shock velocity and particle 
velocity may be specified, 
U = U ( M p ) (6) 
As this relation is frequently linear, it often provides the most 
convenient equation of state in impact processes. Thus, we 
can write: 
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U = c + Spp (7) Table 3. Linear shock-particle velocity equation of state 
where c and S are empirical constants. Table 3 lists the 
measured values of c and S for a variety of materials. These 
equations can be used to compute the maximum pressure, 
particle velocity, shock velocity, etc. in an impact (Melosh 
1992). A Hugoniot equation of state curve is a shock wave 
equation of state data, which are plotted on a P-V plane (Fig. 
3). It defines the locus of all shock states achievable in any 
material by shock waves of variable intensity, e.g., by 
various impact velocities of a projectile (Melosh 1989, 
Koeberl 1997). 
Temperatures in the shocked states can be determined by 
integrating the following equation because of the internal 
energy, which is related to temperature and volume through 










where V0 and P0 are initial volume and pressure. 
Models of specific heat Cv and Griineisen parameters y 
(which are quantities that are relatively constant by the 
product of three times the coefficient of linear expansion 
divided by the product the compressibility with the specific 
heat per unit volume) at high temperature and compression 
are therefore required for calculating shock temperatures 
(Melosh 1989, Martinez and Agrinier 1998). 
Post-shock temperatures in the material can be related to 
temperatures in the shocked state using 
dT 
dV 
• T\ 7 (9) 
which is the adiabatic part of the Hugoniot equation and 
represents the adiabatic decompression from the shock state 
to the final surface-pressure state (Melosh 1989, Martinez 
and Agrinier 1998). 
Excavation stage 
As Figure 4 shows, the expanding shock waves open the 
actual impact crater during the excavation stage (Melosh 
1989, Grieve 1991). The transient cavity is a freshly opened 
bowl-shaped crater and surrounded by an ejecta curtain that 
develops is several orders of magnitude larger than the 
diameter of the projectile. 
At the high pressures and post-shock temperatures the 
rocks may melt or even vaporise upon release. The lower 
pressures cause pervasive fracturing and planar deformation 
elements in individual crystals and produce characteristic 
cone-in-cone fractures called shatter cones. The target 
material strength and gravity become important near the end 
of excavation. This stage ends much longer than the contact 
and compression stage, requiring seconds or minutes to reach 
completion, depending upon the several factors as follows: 
crater size, direction of the impact, impact velocities, presence 
of a water table or layers of different strength, rock structure, 
joints, or initial topography in the target (Melosh 1992). 
Modification stage 
The modification stage begins when the transient crater 






Aluminium 2.750 5.30 1.37 
Basalt 2.860 2.60 1.62 
Calcite (carbonate) 2.670 3.80 1.42 
Coconino sandstone 2.000 1.50 1.43 
Diabase 3.000 4.48 1.19 
Dry sand 1.600 1.70 1.31 
Granite 2.630 3.68 1.24 
Iron 7.680 3.80 1.58 
Permafrost (water saturated) 1.960 2.51 1.29 
Serpentinite 2.800 2.73 1.76 
Water (25°C) 0.998 2.393 1.33 
Water ice (-15°C) 0.915 1.317 1.53 
po is the density of material in front of shock wave, c and S 
are empirical constants. 
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Fig. 3. The Hugoniot equation state curve does not represent 
a continuum of states as in thermodynamic diagrams, but the 
loci of individual shock compression events. The yielding of 
the material at the Hugoniot Elastic Limit is indicated (after 
Koeberl 1997, his Fig. 1). 
compressed rock layers may also play a role. It was suggested 
from volume conservation that the crater collapse appears 
almost immediately after formation of the transient crater, 
which produces an increase of the original diameter of the 
crater by about 15%. During modification, loose debris slides 
down the steep interior walls of small craters, pooling on the 
floor of the final bowl-shaped depression (Melosh 1992). The 
normal geologic processes of gradation, isostatic adjustment, 
infilling by lavas, sediments, etc. on geologic time scales may 
eventually result in obscuration or even total obliteration of the 
crater (Melosh 1992). 
www. as vanytan. hu 
Schock metamorphism at terrestrial impact structures 21 
Projectile Uplifted TC rim 
Shock pressure 
isobars (GPa) 
Fig. 4. Theoretical cross section showing development of the transient crater during the 
excavation stage immediately after the contact/compression stage. The hemispherical 
isobars around the impact point are original peak shock pressures in Gigapascals (GPa). 
The subsequent rarefaction wave produces an outward excavation flow (dashed arrows) 
that opens up the transient crater. In the upper part of this region (excavated zone; ruled 
area), target material is fractured, excavated, and ejected beyond the transient rim. In the 
lower region (displaced zone), target material is driven downward and outward, more or 
less coherently, and thus does not reach the surface (from French 1998, his Fig.3.4). 
Fig. 5. Distribution of currently (2009) known impact structures on Earth. The 
confirmed impact craters are concentrated mainly to the cratonic areas (as 
indicated by grey regions) of continents. So far no impact structures on the ocean 
floor have been identified (data from www.unb.ca/passc/Impact Database). 
Fig. 6. A young, well-known and well-preserved simple impact crater (1.2 km in 
diameter): Barringer Meteor Crater (Arizona, USA). This crater was formed about 
50.000 years ago, when an iron meteorite approximately 30 m across struck the 
horizontal sediments of northern Arizona's Colorado Plateau. The photo, looking 
northwest, shows the uplifted rim (photo by the author). 
TYPES OF IMPACT CRATERS 
The Earth Impact Database is a 
resource that has been assembled since 
1985 by researchers at the Geological 
Survey of Canada (a division of 
Natural Resources, Canada). It has now 
been transferred to the Planetary and 
Space Science Centre at the University 
of New Brunswick, Department of 
Geology. Here, 175 impact structures 
(2009) were registered on the webpage: 
www.unb.ca/passc/ImpactDatabase/. 
These confirmed terrestrial impact 
craters (Fig. 5) have two basic 
morphological forms: simple and 
complex. The two forms differ only in 
the diameter range at which the 
transition from one form to another 
takes place. On the Earth, simple 
craters occur up to a diameter of 4 km 
in crystalline and 2 km in sedimentary 
target rocks (Dence 1972). Terrestrial 
craters with a diameter greater than 4 
km show a complex form. Depending 
on their size, complex craters may be 
further subdivided into peak ring crater 
and multiring basins. 
Simple Craters 
Simple craters are the smallest impact 
structures and occur as bowl-shaped 
depressions (French 1998). These craters 
can be characterized by a structurally 
upraised and fractured rim area (e.g., 
Barringer Crater, Arizona, USA) (Fig. 6). 
The sizes of these craters are up to 2 km 
(sedimentary target rocks) to about 4 km 
in diameter (crystalline target rocks) on 
Earth, depending on the strength of the 
target rocks (Dence 1972, Melosh 1992). 
The interior of the crater has a smoothly 
sloping parabolic profile and its rim-to-
floor depth is about one-fifth of its rim-
to-rim diameter. The surrounding plain is 
blanketed with a mixture of ejecta 
(proximal ejecta) and debris scoured 
from the pre-existing surface for a 
distance of about one crater diameter 
from the rim (Melosh 1992). The floor of 
simple craters is underlain by a lens of 
broken rock, breccia, which slid down 
the inner walls of the crater shortly 
following excavation. This breccia 
typically includes representatives from 
all the formations intersected by the 
crater and may contain layers of melted 
or highly shocked rocks (Fig. 7). 
Complex craters 
The complex craters have flat 
interior floors or internal rings instead 
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of central peaks and formed with 
diameters larger than 4 km on Earth 
(depending on the target lithology). 
These craters are believed to have 
formed by collapse of an initially 
bowl-shaped transient crater, and 
because of this more complicated 
structure they are known as complex 
craters (Melosh 1992). The floors of 
complex craters are covered by melted 
and highly shocked debris. The 
surfaces of the terrace blocks tilt 
outward into the crater walls, and melt 
pools are also common in the 
depressions thus formed (Fig. 8). The 
central peaks consist of material that is 
pushed upward from the deepest levels 
excavated by the crater. Complex 
craters are generally shallower than 
simple craters of equal size and their 
depth increases slowly with increasing 
crater diameter. Rim height also 
increases rather slowly with increasing 
diameter because much of the original 
rim slides into the crater bowl as the 
wall collapses (Melosh 1992). The 
amount of structural uplift (SU) at 
complex craters can be measured, 
where the subsurface stratigraphy is 
known (Fig. 8). The relationship is: 
SU=0.06D" (10) 
where SU is the amount of 
stratigraphic uplift undergone by the 
deepest lithology now exposed at the 
surface in the center and D is the 
diameter of the crater (Grieve 1991). 
The uplifted area may consist of parts 
of the upper crust at the larger complex 
craters (e.g., Siljan, SU=4 km; 
Manicouagan, SU=9.5 km). The ejecta 
blankets of complex craters show some 
similarities to those of simple craters. 
However, the hummocky texture 
characteristics of simple craters are 
replaced by more radial troughs and 
ridges as size increases (Melosh 1992). 
Submarine impact structures 
Only a few confirmed submarine 
impact craters are known, including: 
Montagnais, located offshore of Nova 
Scotia, Canada (50.5 Ma. D=45 km), 
Tvaren, Sweden (455 Ma, D=2 km), 
Mj0lnir in the Barents Sea, north of 
Norway (Jurassic, D=40 km), and 
Chesapeake Bay offshore of the 
Atlantic coast of Virginia, USA (35 
Ma, D=90 km). The half of the 
Chicxulub multiring impact basin is 
Fig. 7. Schematic cross section of a simple impact structure, showing the locations 
of impactite types. Fractured and brecciated target rocks lie below the true crater 
floor without distinctive shock effects. Only the shocked target rocks as a small 
zone (fine vertical ruling) contain shock metamorphic effects in the center of the 
structure. The fallout ejecta overlies the uplifted crater rim and surrounds the 
crater, which is easily eroded and is presented only in the youngest and best-
preserved structures. D= final crater diameter; dt= true depth of the final crater; 
da= apparent depth of the crater (from French 1998, his Fig.3.7). 
Melt layer Central Marginal Ejecta layer 
Final structure 
Fig. 8. Stages of progressive development of a large, complex impact structure in a 
horizontal layered target: (a) formation of a large transient crater in the excavation 
stage; (b) initial development of central uplift during the modification stage; (c) start 
of peripheral collapse in the modification stage; (d) final structure showing a central 
uplifted area, which is surrounded by a relatively flat plain and by a terraced rim 
produced by inward movement along stepped normal faults. The central uplift is 
surrounded by an annular deposit of allogenic breccias and impact melt (black). An 
ejecta layer (stippled) covers the target rocks around the structure, (from French, 
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buried by under roughly 1 km of Cenozoic sediments, which 
is located at the tip of the Yucatan Peninsula. The Kara Sea 
in Russia shows relics of a twin impact structure (71 Ma), 
Kara and Ust-Kara craters. The evidence for a Late Pliocene 
impact are described such as occurrence of microtektites and 
an iridium anomaly in abyssal sediments in an area of about 
300 000 km2 in the South Pacific (Eltanin Sea Mt.). 
However, the small-sized projectile (D= 0.5 km) probably 
did not reach the ocean floor (at a depth of ca. 5000 m). 
Craters on oceanic crust are unknown to date, reflecting not 
only the young mean age of the oceanic crust, but also our 
relatively poor knowledge of two thirds of the Earth's solid 
surface (Deutsch 1998). 
LITHOLOGICAL INDICATORS OF IMPACT STRUCTURES 
An impact event is a surface process that produces circular, 
shallow, rootless structures in contrast to volcanic processes 
(French 1998). The lithological indicators for an impact 
structure may be a layer of fragmental breccia, which is found 
as crater filling or overlying a possibly raised, partially 
brecciated, and up- or over-turned rim (Koeberl 1997). 
Breccia types at impact structures 
The impact-derived breccias contain shocked minerals, 
impact melts, and impact glasses in an impact crater (Stoffler 
and Grieve 1994, Koeberl 1997). The monomict and 
polymict breccias that formed during impact processes could 
be divided into three main types: (1) cataclastic (fragmental 
breccias), (2) suevitic (fragmental with a melt fragment 
component) breccias (Fig. 9), or (3) impact melt (melt 
breccia - i.e., melt in the matrix with a clastic component) 
breccias. The breccias can be allochthonous or 
autochthonous. Additionally, the basement rocks contain 
dikes of injected or locally formed fragmental or 
pseudotachylitic breccias (Reimold 1995). Whether all these 
breccia types are actually present at an impact crater depends 
on factors including the size of the crater, the composition of 
the target area (e.g., Kieffer and Simonds 1980), and the 
level of erosion (see Roddy et al. 1977, Horz 1982, Grieve 
1987 and references therein). 
Complete melting 
The target rocks undergo complete (bulk) melting to form 
impact melts at pressures in excess of about 60 GPa. The 
resulting melts are deposited as splash-form glass particles 
and "bombs" in suevitic breccias or as coherent impact melt 
body. The presence of inclusions of minerals, such as 
lechatelierite (monomineralic quartz melt that forms from 
pure quartz at temperatures of 1700°C), or baddeleyite 
(thermal decomposition product of zircon forming at a 
temperature of at least 1680°C), is associated with very high 
temperatures. Lechatelierite as a good indicator of meteorite 
impact origin is not found in any other natural rock, except in 
fulgurites, which form by fusion of soil or sand when 
lightning hits the ground (Stoffler and Langenhorst 1994, and 
references therein). 
Impact glasses 
Impact glasses are more commonly found at relatively 
young impact craters rather than at old impact structures, 
because glass is not stable over geological times. Such 
Fig. 9. (A) Aumiihle quarry of suevite, which is located in 
the northwest of the Ries impact structure (Germany). This 
image shows a dark Jurassic clay and red clay and sandstones 
of the Keuperian. (B) Suevite: the elongated, grey parts of 
suevite are impact glasses (photos by author). 
impact-derived glasses have chemical and isotopic 
compositions that are similar to those of the target rocks. The 
similarities in chemical and isotopic composition between 
impactites and crater target rocks have been employed in 
several source crater investigations (e.g., French et al. 1970, 
Blum et al. 1993, Meisel et al. 1995). Impact glasses have 
much lower water contents (about 0.001-0.05 weight %) than 
volcanic or other natural glasses (Koeberl 1992a). These 
impact melts and glasses are useful for the dating of an 
impact structure using K-Ar, 40Ar-,gAr, fission track, Rb-Sr, 
Sm-Nd, or U-Th-Pb isotope age-dating methods (Montanari 
and Koeberl 2000). The age that should be obtained for an 
impact event is different from that of volcanism because 
impact melts or glasses give a unique (local), much younger 
age as compared to the target rocks, which are usually old 
crustal rocks. 
Tektites and microtektites 
The centimeter-sized tektites as chemically homogeneous 
glasses have been ejected from a few terrestrial impact 
structures and spread over thousands of kilometers. They 
found on land and have been subdivided into three groups: 
(a) normal or splash-form tektites, (b) aerodynamically 
shaped tektites, and (c) Muong Nong-type tektites (or layered 
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tektites). Tektites can be associated 
with smaller (<1 mm) microtektekties 
(Montanari and Koeberl 2000). 
Currently, on the basis of differences 
in location, age, and to some extent, the 
characteristics of tektites and 
microtektites, four strewn fields are 
known: (1) Australasian (0.78 Ma. 
source crater no yet identified); (2) 
Central European (15 Ma) from the Ries 
Crater, Germany; (3) Ivory Coast (1.07 
Ma) from the Bosumtwi Crater, Ghana 
(Koeberl et al. 1997a); and (4) North 
American (35 Ma) from the Chesapeake 
Bay impact structure, USA (Koeberl et 
al. 1997a) (Fig. 10). 
Tektites are formed as the product 
of melting and quenching of terrestrial 
rocks during hypervelocity impact on 
the Earth (see Montanari and Koeberl 
2000, for a recent review). Their 
chemical and isotopic compositions are 
identical with those of the target rocks 
where the impact occurred: 
• Typically high in silica composition 
(>65 weight %), but their chemical 
and isotopic compositions are not 
volcanic, but closer to those of 
shales and similar sedimentary 
rocks. Containing low water 
content (<0.02 wt %), and their 
flow-banded structure includes 
particles and bands of lechatelierite 
(monomineralic quartz melt). 
• A few tektites contain partly melted 
inclusions of shocked and 
unshocked mineral grains (quartz, 
apatite, zircon) as well as coesite 
(Glass and Barlow 1979). 
The Aouelloul crater is situated at 
20°15'N and 12°41'W in the Ardar 
region, Western Sahara Desert, 
Mauritania (e.g., Koeberl 1994). The 
fission track and K-Ar dating of the 
impact glass show that this crater was 
formed 3.1 ± 0.3 Ma ago (Fudali and 
Cressy 1976, Storzer and Wagner 
1977). The crater has a rim to rim 
diameter of 390 meters is exposed in an 
area of Ordovician Oujeft quartzite and 
Zli sandstone (Koeberl et al. 1998). 
Aouelloul impact glasses contain 
lechatelierite and baddeleyite (El 
Goresy 1965, El Goresy et al. 1968),, as 
well as partly digested quartz and 
feldspar grains, have a low water 
content (Beran and Koeberl 1997), and 
abundant schlieren of different chemical 
composition (Koeberl 1994). The 
composition of the glass is similar to 
that of the sandstone in which the crater 
is exposed, but some siderophile 
elements are enriched in the glass 
(Koeberl and Auer 1991). Re-Os 
isotope studies of the target sandstone 
and the impact glass were performed 
and demonstrated the presence of a 
distinct extraterrestrial component in the 
glass (Koeberl etal. 1998). 
Muong Nong-type tektites are a 
subgroup of tektites that are abundant in 
the Australasian strewn field, These 
tektites differ in some characteristics 
from "normal" tektites: (1) they have 
higher concentrations of volatile 
elements (e.g., CI, Br, Zn, Cu, Pb); (2) 
they are chemically inhomogeneous on 
a millimeter scale; (3) they contain dark 
and light layers with different chemical 
composition; (4) they may contain relict 
mineral inclusions (e.g., zircon, 
chromite, rutile, quartz, monazite) (e.g., 
Glass 1972, Deloule et al. 2001); (5) 
they contain large and more abundant 
bubbles that may be ellipsoidal, 
showing glass flow; (6) they have a 
large and irregular sample size with no 
sign of ablation (cf. Koeberl 1992b). 
Libyan Desert Glass (LDG) is a 
natural glass found in an area of about 
3500 km2 between linear sand dunes of 
the southwestern comer of the Great 
Sand Sea in western Egypt, near the 
Libyan border. This glass occurs as 
fragments of a broad range of sizes 
(from centimeter -to decimeter-sized 
irregular and strongly wind-eroded 
blocks) (Barrat et al. 1997). In terms of 
chemical composition, LDG is very 
silica-rich (approximately 98 wt% of 
Si02 content) and has low abundances 
of most major oxides. The age of LDG 
was determined by fission-track analysis 
giving ages ranging from 28.5±2.3 Ma 
to 29.4±0.5 Ma (plateau age) (e.g., 
Bigazzi and de Michele 1996; Horn et 
al. 1997). The origin of LDG has been 
the subject of much debate since it was 
discovered early in the 20111 century. 
Many workers were of the opinion that 
LDG is an impact glass, but were 
deterred by the lack of a suitable impact 
crater. Most researchers have now 
accepted the geochemical and 
geological evidence for an impact origin 
of LDG (McHone et al. 2000). Evidence 
for an impact origin includes the 
presence of lechatelierite (Diemer 
1997), baddeleyite (Storzer and Koeberl 
1991, Rocchia et al. 1997), and the 
likely existence of an extraterrestrial 
component in the glass (e.g., Rocchia et 
al. 1997, Murali et al. 1997). Previous 
cathodoluminescence data by Piacenza 
(1997) were interpreted to show evidence 
for a granular structure and the presence 
of lechatelierite. Cathodoluminescence 
microphotographs were used by Cipriani 
et al. (2000) in the determination of a 
possible extraterrestrial body signature in 
LDG. They concluded that the 
luminescence of Libyan Desert Glass is 
intrinsic, not induced by particle 
damage as in the case of amorphous 
silica. 
Fig. 10. Location (solid circles) including the known source craters (Chesapeake 
Bay, Ries, and Bosumtwi craters) and extension of the four tektite strewn fields, 
which were classified by differences in location, age, and to some extent, the 
characteristics of tektites and microtektites on Earth (after Montanari and Koeberl 
2000, their Fig. 2.4.1.1). 
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DIAGNOSTIC SHOCK FEATURES IN IMPACT CRATERS 
The best diagnostic indicators for shock metamorphism 
are features that can be studied easily by using the polarizing 
microscope. They include planar microdeformation features; 
optical mosaicism; changes in refractive index, birefringence 
and optical axis angle; isotropization; and phase changes 
(Stoffler 1972, 1974, Stoffler and Langenhorst 1994, Grieve 
et al. 1996, Koeberl 1997). 
Shatter cones 
Shatter cones (Fig. 11) are regarded as the only 
distinctive and unique shock deformation feature that 
develops on a macroscopic scale as hand specimen (Dietz 
1968, French 1998). They are distinctive conical fractures 
produced in target rocks by shock waves of relatively low 
intensity, usually below the crater floor or in the central 
uplifts of large structures. They form in all kinds of target 
rocks subjected to the appropriate pressures, but they are 
most strikingly developed in fine-grained rocks, especially 
carbonates. Shatter cones can be distinguished from similar 
deformation features by the distinctive radiating striations 
("horsetailing") along the cone surface, and by the fact that 
the cones originally point in the direction of the source of the 
shock wave, i.e., inward and upward. They develop in a large 
volume of target rock and have been widely used to identify 
terrestrial impact structure. Shatter cones are good diagnostic 
structural criteria that are easy to recognize and are found in 
many terrestrial impact structures. 
The formation mechanism for shatter cones is poorly 
understood. The conical shapes might be related to the 
interactions of shock waves with point inhomogeneites in 
rocks, or interactions between the main compressive shock 
and rebound waves (Gash 1971). However, these models do 
not explain the dominant features of shatter cones such as 
characteristic striations, the "horse-tail" cone hierarchy, and 
the variety of complete cones. More recently, Shagy at al. 
(2002) have shown that the shatter cones are branched tensile 
fractures. Shatter-cone striations are the preserved tracks of 
fracture front waves. Their analysis of the striations shows 
that shatter cones develop only at extreme propagation 
velocities, between 0.9VR and the maximal permitted 
velocity of VR. The angles of the striations (a), which are 
shown to increase systematically with the distance from the 
impact, reflect both the stresses and the energy flux driving 
Fig. 11. Well-developed finely sculptured shatter cone, in 
fine-grained Ordovician limestone from the Charlevoix 
impact crater, Canada (photo by the author). 
the fracture at a given site, and may be used as a general tool 
to evaluate extreme local stresses in the field (Shagy et al. 
2002). 
Mosaicism 
The term mosaicism describes the internal fragmentation 
of a single crystal into a mosaic of slightly disoriented crystal 
domains. Mosaicism is a microscopic expression of shock 
metamorphism observed in a number of rock-forming 
minerals (see, e.g., Horz and Quaide 1973) and appears as an 
irregular, mottled optical extinction pattern. This is distinctly 
different from the undulatory extinction that occurs in 
tectonically deformed quartz and, generally, accompanied in 
many minerals by indications of plastic deformation 
structures or deformation bands (Stoffler 1972). Mosaicism 
can be semi-quantitatively investigated by X-ray diffraction. 
Kink Bands 
Kink bands appear in sheet silicates, other sheet-like 
structures in shocked quartz and feldspar (Bunch 1968). 
They are not oriented parallel to rational crystallographic 
planes and display variable disorientation with respect to the 
host lattice compared to the deformation twins. Kink banding 
is considered as supporting evidence for the impact origin of 
Table 4. Characteristics of planar fractures and planar deformation features in quartz. Data from Stoffler and Langenhorst (1994). 
Nomenclature 1. Planar fractures (PF) 
2. Planar deformation features (PDF) 
2.1. Nondecorated PDFs 
2.2. Decorated PDFs 
Crystallographic orientation 1. PFs: usually parallel to (0011) and {1011) 
2. PDFs: usually parallel to {10l3},{ 10l2}, {1011}, (0001), {11 2 2), {11 2 1}, {10l0}, 
(11 2 0 ) , (213 1}, |51 6 l},etc. 
Optical microscope properties Multiple sets of PFs or PDFs (up to 15 orientations per grain) 
Thickness of PDFs: <2-3 pm 
Spacing: >15 pm (PFs), 2-10 pm (PDFs) 
TEM properties (PDFs) Two types of primary lamellae are observed: 
1. Amorphous lamellae with a thickness of about 30 nm (at pressures of <25 GPa) and 
about 200 nm (at pressures of >25 GPa) 
2. Brazil twin lamellae parallel to (0001) 
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a structure, but it cannot be used as a single diagnostic 
criterion, as it occurs also in metamorphic rocks. 
Planar microstructures 
Two types of planar microstructures are apparent in 
shocked minerals: planar fractures (PFs) and planar 
deformation features (PDFs). Their essential characteristics 
are summarized in Table 4. The PDFs occur as either non-
decorated or decorated PDFs (Stoffler and Langenhorst 
1994). Planar deformation features in rock-forming minerals 
(e.g., quartz, feldspar, or olivine) are generally accepted to 
provide diagnostic evidence for shock deformation (see, e.g., 
French and Short 1968, Stoffler and Langenhorst 1994, 
Grieve et al. 1996, French 1998, and references therein). 
Planar Fractures (PF) 
Planar fractures are parallel sets of multiple planar cracks 
or cleavages in quartz grains; they develop at the lowest 
pressures characteristic of shock waves (~5-8 GPa) (French, 
1998). As French (1998) noted, they are parallel to rational 
crystallographic planes with low Miller indices, such as 
(0001) and (101 1}. The fractures are typically 5-10 pm 
wide and spaced 15-20 pm or more apart in individual quartz 
grains. Similar cleavage occurs also rarely in quartz from 
non-impact settings, and therefore planar fractures cannot be 
used independently as a single criterion for meteorite impact. 
However, the development of intense, widespread, and 
closely spaced planar fractures are frequently accompanied 
in impact structures by other features clearly formed at 
higher shock pressures (French 1998, and references therein). 
Planar deformation features, together with the somewhat less 
specific planar fractures (PFs) (Fig. 12), are usually well 
developed in quartz (Stoffler and Langenhorst 1994). 
Planar Deformation Features (PDFs) 
PDFs in various minerals (especially in quartz) have long 
been known as evidence of impact-induced deformation. In 
contrast to planar fractures, PDFs are not open cracks. They 
occur as multiple sets of more closely spaced (typically 2-10 
pm), narrow (typically <2-3 pm), parallel planar regions than 
planar fractures (Fig. 13). PDFs occur in planes 
corresponding to specific rational crystallographic 
orientations. The basal (0001) or c, {1013} or CO, and 
(1012) or 71, orientations are the most common planes in 
quartz. In addition, PDFs often occur in more than one 
crystallographic orientation per grain. At pressures about >35 
GPa, the distances between the planes decrease, and the 
PDFs become more closely spaced and more homogeneously 
distributed over the grain. Depending on the peak pressure, 
PDFs are observed in 2 to 10 (maximum 18) orientations per 
grain (Robertson et al. 1968, Stoffler 1972, Stoffler and 
Langenhorst 1994, Grieve et al. 1996, Koeberl 1997). To 
properly characterize PDFs, it is necessary to measure their 
crystallographic orientations optically by using either a 
universal stage (Emmons 1943) or a spindle stage 
(Medenbach 1985), or by transmission electron microscopy 
(see, e.g., Goltrant et al. 1991, Leroux et al. 1994). 
The formation mechanisms of these features in naturally 
shocked quartz might be explained by the pressure 
dependence of the shear modulus (decreasing linearly with 
increasing pressure and, for some planes even 
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Fig. 12. A quartz grain from metamorphosed orthoquartzite 
target from the Gardnos impact structure (Norway) exhibits 
numerous subparallel palanar fractures (longer, dark, 
subhorizontal lines) and much shorter planar features (short, 
dark, near-vertical lines). These latter features may be relicts 
of true PDFs or of Brazil twins parallel to the base (0001) 
(from French 1998, his Fig. 4.15). 
Fig. 13. Multiple sets of PDFs developed in a quartz grain 
from a shocked granite inclusion in suevite from the Ries 
Crater (Germany). "A" indicates PDFs parallel to (1013} 
identical (0113}; "B" indicates PDFs parallel to (1011} 
identical (011 1}. Note the irregular extinction within the 
quartz grain (from French, 1998; his Fig. 4.16). 
discontinuously, for a critical pressure of the order of 10 
GPa) of quartz for various planes and directions. The Si-O-Si 
bonds are more easily broken, allowing the corresponding 
atoms to move towards energetically more favourable 
positions. This progressive reorganization leads to the 
formation of a new structure (dense amorphous silica 
lamellae). The transformation occurs very rapidly, as it is 
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Fig. 14. A biotite gneiss inclusion in suevite breccia, Otting, 
Ries Crater (Germany) contains diaplectic feldspar glass 
(maskelynite) (clear, low relief; e.g., upper right) and 
diaplectic quartz glass (clear, higher relief, e.g., lower right). 
The associated biotite crystals (dark) have retained their 
original shape and have remained crystalline and birefrigent, 
despite the complete transformation of adjacent quartz and 
plagioclase into glassy phases. Biotite gneiss (from French 
1998, his Fig. 4.32). 
Fig. 15. Diaplectic quartz glass (clear) from biotite granite 
inclusion in suevite breccia, Aufhausen, Ries Crater 
(Germany) appears, with strings of small, high-relief crystals 
of coesite ("C") (from French 1998, his Fig. 4.12). 
driven by the front of the shock wave. This explanation 
predicts that the density of PDFs should markedly increase 
with shock intensity (Goltrant et al. 1992). 
DIAPLECTIC GLASS, LECHATELIERITE AND HIGH-PRESSURE 
POLYMORPHS 
Diaplectic glass 
Diaplectic glass is formed (Tables 1 and 2) at shock 
pressures in excess of about 35 GPa without melting by 
solid-state transformation and has been described as a phase 
intermediate between crystalline and normal glassy phases 
(Stoffler and Hornemann 1972). It is found at numerous 
impact craters and shows the original crystal defects, planar 
features, and absence of flow structures and vesicles. 
Maskelynite is a diaplectic plagioclase glass formed in a 
similar way and at similar pressure range as diaplectic quartz 
glass. Diaplectic glass has a refractive index that is slightly 
lower than that of synthetic quartz glass (Fig. 14). Other 
minerals (mafics) tend to oxidize or decompose. 
Lechatelierite 
At pressures that exceed about 50 GPa, lechatelierite 
forms by fusion of quartz. In contrast to diaplectic glass, 
lechatelierite is formed by a liquid state transformation 
associated with the melting of quartz at higher temperatures 
(>1700°C) than occur in volcanic processes. This is a good 
indicator of a meteorite impact origin. Other minerals also 
melt at sufficiently high temperatures, e.g., feldspar (Stoffler 
and Langenhorst 1994). 
High-pressure polymorphs 
The high-pressure Si02 polymorphs, coesite (Fig. 15) and 
stishovite, occur as very fine-grained aggregates that are 
formed by partial transformation of the host quartz during 
shock metamorphism (Grieve et al. 1996). Under conditions 
of static equilibrium, where reaction rates are slower and 
kinetic factors less important, coesite forms from quartz at 
lower pressures (>2 GPa) than does stishovite (10-15 GPa) 
(French 1998). The identification of coesite and stishovite at 
several impact sites in the early 1960s provided one of the 
earliest criteria for establishing the impact origin of several 
structures, most notably the Ries crater, Germany (Chao et 
al. 1960, Shoemaker and Chao 1961), and the Bosumtwi 
crater (Littler et al. 1961). Impact-derived coesite occurs as 
very fine-grained, colorless to brownish, polycrystalline 
aggregates, up to 100-200 pm in size, usually embedded in 
diaplectic quartz glass, or rarely, in nearly isotropic quartz 
with abundant planar deformation features and a mean 
refractive index below 1.48 (Stoffler and Langenhorst 1994) 
(Fig. 15). Coesite occurs also in metamorphic rocks of ultra-
high pressure origin. 
Other high-pressure mineral phases include jadeite 
formed from plagioclase, majorite from pyroxene, and 
ringwoodite from olivine (Stoffler 1972). Impact derived 
diamonds (the high-pressure cubic modification of carbon) 
have also been found at various craters. These diamonds 
form from carbon in the target rocks, mainly in graphite-
bearing (e.g., graphitic gneiss) or coal-bearing rocks 
(Koeberl et al. 1997b). 
A new mineralogical indicator of shock metamorphism: zircon 
Zircon is a refractory and weathering-resistant mineral 
that has been proven useful as an indicator of shock 
metamorphism in the study of impact structures and 
formations that are old, deeply eroded, and metamorphically 
overprinted. Thus, it has advantages compared to quartz or 
other shock-metamorphosed minerals that have been 
previously used as impact indicators, but are far less 
refractory than zircon. 
Shock-induced microdeformation in zircon has been 
described in samples from a variety of impact environments, 
including material from confirmed impact structures (Aberg 
and Bollmark (1985), Bohor et al. (1993), Krogh et al. 
(1984), Wittmann et al. (2006) from the Cretaceous-Tertiary 
boundary, and from the Upper Eocene impact ejecta layer 
Bohor et al. (1993), Kamo and Krogh (1995), Glass and Liu 
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(2001), as well as in experimentally shock-deformed single-
crystal zircon (Deutsch and Schárer 1990, Leroux et al. 1999, 
Gucsik et al. 2002). Two different types of shock deformation 
have been observed: (i) planar microdeformations and (ii) 
granular (also called polycrystalline, microcrystalline, 
strawberry) texture. Some effort, especially by transmission 
electron microscopy (TEM), has been made to determine 
whether the planar microdeformations discernable at the 
optical scale in shock-metamorphosed zircon represent bona 
fide planar deformation features (PDFs), well-known from 
many other shock-metamorphosed rock-forming minerals 
French (1998), Stoffler and Langenhorst (1994) Grieve et al. 
(1996), or whether they represent planar fractures or some 
other type of microdeformation (Reimold et al. 2002). To 
date, this problem has not been solved. Leroux et al. (1999) 
established that, on a nanometer scale, amorphous phases in 
the form of planar lamellae were formed in experimentally 
shocked zircon (pressure range: 20-40 GPa). However, these 
authors were not able to confirm that these micro-lamellae, 
resembling PDFs, indeed corresponded to the optically resolved, 
several pm wide, planar/subplanar microdeformations. 
The granular texture of zircon was first observed by 
Bohor et al. (1993) in zircon from the Cretaceous/Tertiary 
distal impact ejecta layer. Since then, it has been observed in 
zircon from a number of impact structures (Kamo et al. 1996 
and references therein), in zircon from a Late Eocene 
microkrystite layer, and in tektites (Glass and Liu 2001, 
Deloule et al. 2001). Complete breakdown of zircon to 
baddeleyite, presumably as a result of high-temperature 
dissociation, has been identified in Libyan Desert Glass and 
corroborated the impact origin of these enigmatic glasses 
Kleinmann (1969). 
Leroux et al. (1999) confirmed through their TEM 
investigations of experimentally shocked zircon that the 
phase transformation from the zircon structure to a scheelite 
(CaW04)-type phase that had been previously observed in 
shock-metamorphosed zircon by Kusaba et al. (1985) was 
nearly complete at 60 GPa shock pressure. In the 60 GPa 
samples of Leroux et al. (1999) shock deformation effects 
(nanometer-sized PDFs) were observed in a few relict 
domains consisting of zircon. More recently, new techniques 
and methodologies such as SEM, CL, micro-Raman and IR 
have been applied to identify reidite from shocked zircon 
samples of shock recovery experiments and naturally shock-
metamorphosed samples from Ries impact structure (Gucsik 
et al. 2004). 
Shocked clay minerals 
Clay minerals have been found from different shock 
metamorphic environments such as Cretaceous/Tertiary 
Boundary layers (Pollastro and Bohor 1993, Salge et al. 
2000), terrestrial impact structures (Dypvik and Ferrell 1998, 
Krisimae et al. 2002, Dypvik et al. 2003, Uysal et al. 2003, 
Horton et al. 2006), and meteorites (Scott and Krott 1998). 
In a pioneering study, shocked clay samples from a 
Barents Sea borehole near the Mjolnir Impact Structure were 
used to investigate changes in the clay assemblage associated 
with the submarine impact (Dypvik and Ferrell 1998). They 
found increased abundance of a smectite, a randomly 
interstratified smectite-illite with 85% smectite layers, forms 
the basis for a two-layer oceanic impact clay model that 
differs from published terrestrial cases. The smectite is 
assumed to represent seawater-altered impact glass from the 
ejecta blanket material that was mixed with resuspended 
shelf sediments by the collision generated waves. The 
smectite-rich interval is overlained by a coarser unit 
containing abundant smectite, shocked quartz grains, and 
anomalous Ir contents at its base. This interval may have 
originated as a density/turbidity current, generated by the 
impact and the collapse and erosion of the crater rim. 
More recently, clay minerals were described from 
shocked granitoid basement rocks of Woodleigh impact 
structure (Australia), which are mainly smectite-rich (>75%) 
mixed-layer illite-smectite with some discrete illite formed as 
an alteration-product (replacement) of biotite (Uysal et al. 
2003). They concluded that these clay minerals formed by 
post-shock hydrothermal alteration processes. 
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ABSTRACT 
This paper presents new data of the highly evolved part of the Highis Granitoid Suite. Two types of texture represent the suite: equigranular, 
medium-grained leucogranites and aplite veins. Main rock forming minerals are quartz, orthoclase, microcline, plagioclase feldspar, biotite 
and muscovite. Based on geochemical investigations which were performed on both selected mineral phases and whole rock composition the 
Highi$ Granitoids from P5uli§ are S-type, felsic-peraluminous alkali granites, with alkali-calcic character, formed in post-collisional (post-
orogenic) tectonical setting, mainly from metasedimentary source. 
Keywords: Pauli§ granites, S-type granitoids, Variscan granitoids, Biharia Nappe System, Highis Mts., Apuseni Mts., Romania. 
INTRODUCTION 
The studied rocks are highly evolved 
Variscan granites from Highis 
Mountains which are located in the 
south-western part of the Apuseni Mts., 
Romania (Fig. 1 A). 
The Apuseni Mts. are built up by 
two major tectono-stratigraphic units, 
the Tisia Mega-Unit and the Dacia 
Mega-Unit; these structures were 
formed during Alpine tectonic events. 
Their basement is formed of pre-alpine 
metamorphites and igneous suites from 
earlier tectonic events, including 
Variscan granitoids. 
Detailed studies on these Variscan 
granitoids were performed by many 
authors (Giu?c5 1979, Tatu 1998, Pana 
1998); however, their correlations with 
other variscides have not been well 
clarified. 
Two granitic intrusions can be 
distinguished within the Highi? Mts.: 
the Siria Granitoids in the north-western 
part and the Highi? Granitoids in the 
southern part of the massif. There are 
significant differences between the two 
intrusions. The $iria Granitoids are the 
part of the Codru Nappe System, 
component of the Tisia Mega-Unit in 
contrast with the Highi§ Granitoids 
which are the part of the Biharia Nappe 
System, recently considered to be the 
part of the Dacia Mega-Unit (Fig. IB). 
The studied rocks originate from the 
countryside of Paulis, Highi§ Granitoid 
Suite, therefore we use the term Pauli§ 
Granitoids for them. Fig. 1. (A) Simplified geologic map of the Alpine-Carpathian-Pannonian region (B) Pre-Neogene geology of the Highi? Mts. after Balintoni (1986) and Balintoni and Pu?te (2002). 
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GEOLOGICAL SETTING AND LOCATION 
The Highi^ Mts. are located in the W-SW part of the 
Apuseni Mts., Romania. Previous researches of the 
geological structure of Highi§ Mts. were made by Loczy 
(1883), Rozlozsnik (1913), Pauca (1941), Giu§ca (1948, 
1962, 1979), Giu?c3 et al. (1964), Dimitrescu (1962, 1967, 
1988), Savu (1965), Balintoni (1986, 1994), Tatu (1998), 
Pana (1998), Balintoni, Pu§te (2002). 
In the northern part of Highi§ Mts. the crystalline 
basement is formed by the Tisia Mega-Unit while the center 
and southern regions are formed by the Dacia Mega-Unit 
considered as Biharia Nappe System (Schmid et al. 2008). 
These mega-units are represented in the Highi? Mts. by 
alpine nappes belonging to Biharia Nappe System (Dacia 
Mega-Unit) and Codru Nappe System (Tisia Mega-Unit) 
(Fig. IB). The Biharia Nappe System shows a two stage 
poly-metamorphic history within Dacia Mega-Unit, 
beginning in the Middle to Late Jurasic and finishing in the 
Early Cretaceous. The final emplacement of both of the 
nappe systems occurred in Cretaceous (Turonian), during the 
pre-Gosau tectogenesis but with strikes of opposite direction. 
The Codru Nappe System is in lower position than the 
Biharia Nappe System. Both of the nappe systems are 
positioned in the Biharia Unit (Sandulescu 1984), and both 
of them contain granitoids of variscan age (Pana 1998). 
The granitoids of the Biharia Nappe System, located in 
the Highi§ Mts., are emplaced in the Highi§-Muncel Nappe, 
in contact with the Cladova Formation, part of the Paiu§eni 
Litho-group, which is overthrusted by the Lipova Nappe. 
The Cladova Formation is formed by sandstones, argillites, 
basic tuffs and basalts, and it is metamorphosed at the 
contact of the Highi? granitoids. In their contact zones 
hornfelses do appear. Highi§ granitoids are Variscan, 
postcinematic granites, containing aplitic and pegmatitic 
veins (Giu^ca 1979). Giu^ca et al. (1964) estimated a 350 Ma 
age of the Highij Granitoid Complex by K/Ar (WR) method. 
Nevertheless, Pana (1998) determined a 264-267 Ma age 
from zircon fractions by the more reliable U/Pb method, and 
explained the formation of Highi? granitoids by a short 
lasting magmatism at the end of the early Permian. 
SAMPLING AND ANALYTICAL METHODS 
The studied 28 rock samples were collected from Pauli§ 
(Fig. IB). During the research 82 mineral chemical analyses 
were made at Department of Mineralogy and Petrology, 
University of Graz. Measurements were performed at a 15 
kV acceleration voltage and 10 nA current. Spectra were 
evaluated with Oxford-Isis software. Geochemical analyses 
were performed on 10 samples at the University of 
Stockholm with inductively coupled plasma atomic emission 
spectroscopy (ICP-AES) and inductively coupled plasma 
mass spectrometry ICP-MS methods. Processing of raw data 
was made by MinPet 2.0, Mica+1.0 and GCDkit 2.7.0 
softwares. 
PETROGRAPHY 
On the basis of modal analyses, rocks from Pauli§ are 
alkali granites to syenogranites with moderate mica content 
(1-3 vol. %) (Le Maitre 1989, not shown). The granitoids 
have a pinkish, sometimes greyish colour. Their texture is 
phenocrystalline, equigranular and medium-grained (Pal-
Molnár et al. 2004). Light grey coloured aplitic veins are also 
present cutting the whole mass of the rock in various 
directions. 
Weakly foliation can be observed on some samples, but 
mostly the phyllosilicates are oriented along fractures. The 
average size of the main mineral constituents is similar, both 
quartz and feldspar grain sizes falls between 1-4 mm. The 
only exception is biotite which is appearing in 2-4 cm clots. 
MINERALOGY AND MINERAL CHEMISTRY 
Mineral chemical analyses were performed on feldspar, 
biotite and muscovite. Representative compositions are 
shown in Table 1 and 2. 
Quartz: xenomorphic, mean grain size is between 2-4 
mm. It has always undulating extinction and it is frequently 
recrystallized, which leads to the decrease of grain size and 
the development of subgrains forming fine grained mosaics. 
Orthoclase: hypidiomorphic with tabular habit, mean 
grain size is 4-5 mm. Carlsbad twins are common, they 
occasionally have perthitic structure. 
Microcline: hypidiomorphic, rarely xenomorphic, 3-4 
mm grains, tabular habit and polysynthetic twinning is 
characteristic. 
The analyzed K-feldspars have Or93,70-97,77Ab2,23-6,3oAno 
composition (Table 1.). 
Plagioclase feldspars: hypidiomorphic, tabular, often 
zoned, mean grain size is 3-5 mm, polysynthetic, albite twins 
are common. The plagioclase feldspars are albites with 
anorthit composition between 0,30-1,65wt% (Table 1). The 
distribution of feldspars according to Or-Ab-An can be seen 
in Fig. 2. 
Biotite group 
The representative chemical compositions of the minerals 
of the biotite group are presented in Table 2. Hypidiomorphic 
tabular or xenomorphic grains are characteristic, mean grain 
sizes are 1-3 mm. Their pleochroism is light brown to dark 
green. In intergrown with muscovite they often contain 
opaque minerals, apatite and zircon. Along microtectonical 
deformations they have a slight orientation. Biotites 
frequently compose clots of 2-4 cm. 
Or 
Fig. 2. Feldspar compositions plotted in the Ab-Or-An diagram. 
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Table 1. Representative chemical composition of the feldspars. 
Plagioclase feldspars K-feldspars 
7260/18 7260/22 7260/23 7262 /1 7262/5 7262/10 7262/11 7264/1 7264/3 7264 /5 7264 /7 7260/1 7260/2 7260/17 7260/21 7264 /2 7264/11 
Na 20 10.44 10.77 10.87 10.96 10.38 10.75 9.54 10.66 10.98 10.41 10.70 0.33 0.55 0.70 0.31 0.30 0.26 
MgO 0.05 0.00 0.01 0.06 0.29 0.00 0.22 0.20 0.19 0.09 0.00 0.10 0.22 0.23 0.00 0.16 0.00 
Al2OJ 19.90 19.64 19.84 18.68 19.44 19.00 19.21 19.68 19.97 19.66 19.36 17.87 18.00 17.60 17.64 17.92 18.39 
Si02 70.49 70.62 71.02 66.57 69.60 68.88 69.89 70.57 69.87 70.76 71.05 64.15 63.99 63.7 65.17 64.74 64.57 
K2O 0.08 0.09 0.07 0.07 0.04 0.06 0.85 0.11 0.10 0.06 0.08 16.21 16.17 15.81 16.23 16.63 16.63 
CaO 0.32 0.14 0.19 0.06 0.06 0.07 0.08 0.32 0.46 0.13 0.23 0.00 0.00 0.00 0.00 0.02 0.00 
Ti02 0.02 0.00 0.05 0.02 0.01 0.02 0.00 0.01 0.00 0.04 0.04 0.06 0.02 0.07 0.00 0.01 0.00 
MnO 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.00 0.02 0.00 0.07 0.04 0.02 0.06 0.01 0.11 0.11 
FeO 0.13 0.11 0.07 0.02 0.09 0.00 0.02 0.16 0.06 0.05 0.00 0.06 0.05 0.01 0.10 0.00 0.02 
X oxide 101.43 101.38 102.12 96.45 99.91 98.86 99.82 101.72 101.65 101.21 101.52 98.82 99.02 98.18 99.47 99.89 99.98 
Na 0.87 0.90 0.90 0.96 0.87 0.92 0.81 0.89 0.92 0.87 0.89 0.03 0.05 0.06 0.03 0.03 0.02 
Mg 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.02 0.02 0.00 0.01 0.00 
Al 1.01 0.99 1.00 0.99 1.00 0.99 0.99 0.99 1.01 1.00 0.98 1.00 0.99 0.98 0.97 0.97 0.99 
Si 3.02 3.03 3.03 3.01 3.02 3.03 3.05 3.02 3.01 3.04 3.05 3.00 2.99 3.00 3.04 3.01 3.02 
CI 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.97 0.96 0.95 0.96 0.98 0.97 
Ca 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Fe 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
O 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 
I cation 4.91 4.93 4.94 4.96 4.91 4.94 4.86 4.94 4.98 4.93 4.93 5.01 5.01 5.01 5.00 5.00 5.00 
Or 0.43 0.54 0.41 0.41 0.18 0.30 5.51 0.66 0.52 0.31 0.42 97.01 95.09 93.7 97.18 97.30 97.77 
Ab 97.92 98.81 98.69 99.29 99.51 99.39 94.11 97.77 97.23 99.06 98.96 2.99 4.91 6.30 2.82 2.66 2.23 
An 1.65 0.65 0.90 0.30 0.31 0.30 0.37 1.57 2.25 0.63 0.61 0.00 0.00 0.00 0.00 0.04 0.00 
Table 2. Representat ive chemical composi t ion of the micas. 
Biotite Muscovite 
7260 /3 7260/10 7260/13 7260/19 7264 /8 7260/8 7260/9 7260/15 7260/16 7260/20 7262/4 7262/8 7262/9 7262/12 7262/13 7264/4 7264/10 
Na,0 0.24 0.05 0.7 0.05 0.16 0.30 0.45 0.83 0.69 0.16 0.15 0.20 0.09 0.12 0.12 0.14 0.11 
MgO 5.29 5.43 4.38 5.27 4.72 1.87 1.81 2.10 1.85 1.71 2.98 3.35 3.35 2.67 3.39 1.29 1.85 
AIA, 13.63 13.42 12.74 14.12 13.77 28.04 25.59 25.61 25.32 27.31 25.48 27.41 28.62 29.76 27.46 28.53 26.73 
Si02 34.38 34.88 34.79 35.87 37.62 49.55 45.41 47.13 47.29 48.40 45.77 50.52 50.29 48.00 50.11 48.70 48.54 
K2O 9.38 9.29 3.06 9.58 6.50 9.33 9.19 10.17 8.86 9.76 8.66 8.68 9.38 7.87 9.41 9.37 9.50 
CaO 0.00 0.02 0.33 0.06 0.25 0.07 0.00 0.00 0.04 0.00 0.07 0.07 0.00 0.80 0.06 0.05 0.00 
Ti02 1.47 1.51 0.15 1.52 0.04 0.30 0.46 0.40 0.39 0.44 0.24 0.28 0.33 0.26 0.24 0.34 0.37 
MnO 0.48 0.40 0.43 0.46 0.37 0.05 0.05 0.00 0.00 0.06 0.00 0.00 0.08 0.00 0.01 0.05 0.07 
FeO 27.34 26.49 27.95 27.28 26.03 7.48 7.24 6.89 6.95 6.95 2.46 2.73 2.94 3.00 2.79 6.70 7.44 
X oxide 92.21 91.49 84.53 94.22 89.46 96.99 90.20 93.13 91.39 94.78 85.81 93.24 95.09 92.48 93.58 95.17 94.62 
Na 0.08 0.01 0.24 0.02 0.05 0.08 0.13 0.23 0.19 0.04 0.04 0.05 0.02 0.03 0.03 0.04 0.03 
Mg 1.31 1.34 1.14 1.27 1.16 0.37 0.39 0.44 0.39 0.35 0.66 0.67 0.66 0.54 0.68 0.26 0.38 
AI 2.66 2.62 2.63 2.69 2.68 4.42 4.37 4.25 4.24 4.42 4.43 4.36 4.50 4.78 4.37 4.56 4.33 
Si 5.70 5.79 6.09 5.79 6.21 6.62 6.58 6.64 6.72 6.65 6.75 6.82 6.70 6.54 6.77 6.61 6.67 
CI 0.05 0.05 0.08 0.05 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 
K 1.98 1.96 0.68 1.97 1.37 1.59 1.70 1.83 1.61 1.71 1.63 1.49 1.59 1.37 1.62 1.62 1.67 
Ca 0.00 0.00 0.06 0.01 0.04 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.12 0.01 0.01 0.00 
Ti 0.18 0.19 0.02 0.18 0.01 0.03 0.05 0.04 0.04 0.05 0.03 0.03 0.03 0.03 0.02 0.03 0.04 
Mn 0.07 0.06 0.06 0.06 0.05 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 
Fe 3.79 3.67 4.10 3.68 3.59 0.84 0.88 0.81 0.83 0.80 0.30 0.31 0.33 0.34 0.32 0.76 0.85 
0 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 22.00 
I cation 15.82 15.69 15.1 15.72 15.16 13.98 14.11 14.24 14.03 14.03 13.84 13.75 13.84 13.75 13.83 13.90 13.98 
mg# 26 27 22 26 24 
Al(IV) 2.29 2.20 1.91 2.21 1.79 
A1(V1) 0.38 0.43 0.73 0.48 0.89 
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According to Foster (1960) the sum of cations in X 
position and in Y position of biotites is between 1,60 - 2,20 
(mean: 1,91) and above 5,00 (mean: 5,15), respectively. The 
average Ti02 content of biotites is 0,90%. The Mg content of 
biotites is low (mg#=21,8-26,8; mean mg#=24,8), and they 
are replaced by phlogopites along fractures: mg#= 67,8-69,5 
(mean mg#=68,7). Based on compositional classifications 
and the IMA nomenclature, biotites are Magnesian-
siderophyllites (Fe-biotites; Foster 1960) and Ferroan-
phlogopites, respectively (Fig.3A). 
According to the Mg vs. Altol distribution of biotites 
(Nachit et al. 1985), the Pauli? granitoids are of subalkaline 
character (Fig. 3B). 
The high Mg content of the phlogopites signs postgenetic 
transformations, which is supported as well by the fact that 
phlogopites occur only along fractures, they are often 
weathered, and appear in combination with muscovite. 
Textural orientation is also characteristic. 
Muscovite: hypidiomorphic tabular and elongated 
lamellar, the mean grain size is 1-3 mm. It appears often 
along with biotite, and at some places it is oriented. Small 
sized muscovite grains are frequent in the fractures of the 
rock. The studied rocks contain ferrum-rich muscovites, the 
FeO content of Pauli§ Granites varies between 2,46% and 
7,48%, with significant magnesium content (1,29%—3,35%). 
The representative chemical compositions of muscovites are 
shown in Table 2. 
Accessory minerals are apatite, monazite and zircon 
Apatite crystals usually have an idiomorphic, partly 
hypidiomorphic shape, and often appear in biotite crystals. 
Zircon crystals are idiomorphic, rarely hypidiomorphic, and 
represent two types of habit. The one is squattish, reddish-
brown, and yellowish-brown; the other one is colorless, 
pinkish with an elongated columnar appearance. Opaque 
inclusions are quite frequent; numerous grains are zoned, 
which refers to several crystallization phases. 
G E O C H E M I S T R Y 
Representative geochemical compositions are shown in 
Table 3. Pauli§ syenogranites have high silica content, 
between 70.95 and 72.30 wt% (mean value 71.60), aplites 
are even more saturated in Si02, with mean 75.44 wt% of 
Si02. Their alkaline content is also high, K20 content is 
higher (4.42-49.0 wt%, mean 4.56 wt%) than Na20 (3.25-
3.68 wt%, mean 3.48 wt%), K20/Na20 ratio ranges from 
1.26 to 1.49. 
Modified alkali lime index (MALI) shows alkali-calcic 
character (Frost et. al 2001) (Fig. 4E). Low concentrations of 
CaO (0.40 to 0.55 wt%) and MgO (0.26 to 0.30 wt%) along 
with low Ti02 (Ti mineral phase is absent) and Sr (which is 
coordinated by basic plagioclase feldspar phase) concentrations 
suggest a highly fractionated rock. Fe203/(Fe203+Mg0) ratio is 
relatively high, 0.81. According to Chappel and White (2001) 
on the basis of CaO and Fe203 content, the studied rocks are S-
type granitoids (Fig. 4A). Based on the R1-R2 multicationic 
distribution diagram (De La Roche et al. 1980) Pauli? 
granitoids are alkali granites [Rl=4Si-ll(Na+K)-2(Fe+Ti) and 
R2=6Ca+2Mg+Al] (Fig. 4D). 
Based on their saturation in alumina, the studied rocks are 
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Fig. 3. (A) Compositional classification of the biotites after 
Tischendorf et al. (1997). (B) Mg vs. Altot plot after Nachit et 
al. (1985). 
feature is also supported by the presence of modal muscovite, 
and CIPW normative corundum (Shand 1943) (Fig. 4B). For 
further subdivision within peraluminous group A [Al - (K + 
Na + 2 Ca)] vs. B [Fe + Mg + Ti] distribution diagram has 
been chosen (Villaseca et al. 1998). The studied rocks have 
felsic-peraluminous character (Fig. 4C). 
The MORB-normalized (Pearce 1983) trace element 
patterns show that Pauli§ granites are enriched in LILE, 
mostly in Rb, K, Ba with the exception of Sr which is 
strongly depleted, and are slightly enriched in HFS elements 
(Zr, Hf, Nb) (Fig. 5B). 
The chondrite-normalized (Nakamura 1974 ) REE 
concentrations of most granites and aplites show smooth 
patterns. The studied aplites are less enriched in LREE than 
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Table 3. Representative whole rock chemical composition. 
Si02 AI2O, Fe20,* MnO MgO CaO Na20 K2O Ti02 Total Ba Be Ce Co Cr Cu Dy Er Eu Ga 
7259 71.66 11.87 1.27 0.02 0.26 0.47 3.57 4.49 0.18 93.80 316.46 3.15 61.78 2.72 6.35 18.52 6.57 4.82 0.38 <42.83 
7260 71 40 11.85 1.16 0.01 0.26 0.45 3.44 4.47 0.17 93.20 313.02 3.15 55.44 2.11 4.68 18.46 6.21 4.76 0.41 <42.83 
7261 71.15 12.50 1.17 0.02 0.27 0.43 3.30 4.42 0.17 93.44 306.37 3.13 55.80 2.11 5.38 17.82 6.16 4.73 0.43 <42.83 
7263 72.12 12.09 1.32 0.02 0.30 0.49 3.66 4.90 0.21 95.11 321.06 3.15 61.98 2.78 6.69 19.12 6.58 4.91 0.38 <42.83 
7264 72.30 12.57 1.28 0.02 0.31 0.55 3.68 4.64 0.18 95.52 326.37 3.15 65.95 3.24 7.03 16.83 6.98 4.95 0.35 <42.83 
7265 70.95 12.68 1.19 0.02 0.28 0.40 3.25 4.42 0.17 93.36 302.48 3.13 55.87 2.09 5.90 17.53 5.97 4.69 0.43 <42.83 
7269 75.20 11.95 0.49 0.00 0.19 0.10 3.51 4.90 0.08 96.41 225.40 2.34 38.96 3.52 3.65 20.63 5.48 4.14 <0.07 <42.83 
7270 75.68 12.03 0.42 0.01 0.17 0.11 3.43 5.10 0.06 97.01 216.55 2.29 39.37 3.67 3.48 22.18 5.13 4.07 <0.07 <42.83 
Gd Hf La Lu Mn Mo Nb Nd Ni Pb Rb S Sc Sm Sr V Y Yb Zn Zr 
7259 7.81 4.84 30.24 0.79 80.36 6.77 5.58 20.03 4.68 122.83 400.76 55.78 3.33 7.45 23.59 7.42 42.00 3.57 32.13 148.91 
7260 7.33 3.76 30.53 0.78 76.61 2.61 5.42 19.97 3.20 118.56 398.58 37.28 3.21 7.45 23.34 7.36 36.70 3.50 33.44 143.18 
7261 7.27 4.13 29.68 0.77 74.70 3.04 5.41 18.86 3.12 116.76 379.16 37.45 3.24 7.25 23.26 7.51 34.90 3.48 33.71 139.81 
7263 8.00 6.59 29.95 0.81 92.47 7.82 6.08 20.32 5.38 126.84 405.32 60.89 3.38 7.86 26.75 7.63 42.34 3.86 30.90 161.73 
7264 8.46 6.51 33.69 0.86 100.17 8.91 6.43 23.42 6.64 129.82 413.98 67.36 3.58 8.33 28.98 8.57 40.94 3.90 31.48 171.66 
7265 7.18 4.25 28.34 0.77 70.64 3.67 5.21 18.67 3.03 115.67 359.54 39.73 3.26 7.24 23.11 7.52 34.30 3.34 33.83 137.61 
7269 5.30 6.95 16.11 0.74 22.22 10.57 9.64 10.24 81.56 48.86 305.53 35.75 1.55 6.16 11.12 3.46 30.89 3.50 11.11 118.13 
7270 5.41 7.24 17.33 0.73 15.67 11.95 9.45 10.35 92.63 42.62 288.32 35.75 1.24 6.02 13.67 3.64 31.68 3.54 9.08 102.28 
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Fig. 4. (A) CaO vs. Fe203 diagram (Chappell and White, 2001) discriminating I-type (Igneous) and S-type (Sedimentary) 
source. (B) A/CNK vs. A/NK diagram of Shand (1943) discriminating metaluminous, peraluminous and peralkaline 
compositions. (C) BA plot modified by Villaseca et al. (1998) (f-P; h-P; m-P; 1-P; - felsic-; high-; medium-; and low-
peralumious granitoids). (D) Granite classification diagram based on R1 vs. R2 distribution plot after De la Roche et al. (1980). 
(E) Modified Alkali-Lime Index (MALI) (Frost et al., 2001). (F) Tectonic discrimination diagram based on R1 vs. R2 after 
Batchelor, Bowden (1985). (G) Tectonic discrimination diagram based on Y+Nb vs. Rb (Pearce, 1996). (H) Tectonic 
discrimination diagram based on FeOV(FeO'/MgO) vs. Si02 (Maniar, Piccoli, 1989). 
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Fig. 5. (A) Chondrite-normalized REE pattern (Nakamura, 1974). (B) MORB-normalized trace element pattern (Pearce, 1983). 
the granites. The granites have very strong negative Eu 
anomaly (mean value of Eu/Eu* is 0.16), while the Eu 
content of the aplites is below the detection limit (Fig. 5A). 
The low Ca0/Na20 and medium AhOj/TiOi ratios in the 
studied granites (excluding aplites), (mean Ca0/Na20 is 
0,13; mean Al20VTi02 is 68,59) are typical for peraluminous 
variscan granitic suites (Sylvester 1998). Low values of 
CaO/NaiO ratio suggest pelitic origin of the granites, and 
medium values of Al203/Ti02 ratio suggest medium to high 
temperatures (-875-900 °C) of the melts. Rb/Sr vs. Rb/Ba 
distribution also confirms the pelitic source (Sylvester 1998). 
Based on the distributions of Si02 vs. FeO'/( FeO'+MgO) 
(Maniar and Piccoli 1989) (Fig. 4H), Rb vs. Y+Nb (Pearce 
1996) (Fig. 4G), and R1 vs. R2 (Batchelor and Bowden 
1985) (Fig. 4F) multiple discrimination diagrams Pauli? 
granites were formed in post-orogenic tectonic setting. 
CONCLUSIONS 
Pauli? Granites except aplites are holocrystalline, 
equigranular and medium-grained. In some samples textural 
orientation can be observed, but it is unusual regarding the 
whole studied suite. 
The main rock forming minerals are: quartz, orthoclase, 
microcline, plagioclase feldspar (albite), biotite and 
muscovite. Apatite, monazite and zircon occur as accessory 
minerals. Pauli$ Granites are leucogranites with very high 
silica and relatively high alkali content. Based on the 
concentration of major elements the studied rocks are alkali 
granites. According to their alumina saturation, Paulis 
Granites are felsic peraluminous granites. Muscovite which 
is a typical mineral phase for slightly peraluminous granites 
is present in the studied rocks as a significant component. 
The composition of biotites indicates subalkali character of 
the granites, while whole rock compositions plotting in the 
modified alkali lime index (MALI) show alkali-calcic 
character. Pauli? Granites are highly evolved S-type granites 
(Chappell and White 2001). Due to crystal fractionation, 
their CaO and Sr2+ content is very low, plagioclase feldspars 
are albites. First generation of biotites is ferric type as well. 
Pauli§ granites are enriched in Rb, K and Ba. The chondrite-
normalized (Nakamura 1974) Rare earth elements show 
smooth pattern, with very strong Eu anomaly. These 
characteristics of granites are well known from late Variscan 
suites (Sylvester 1998) where due to the relatively thin 
lithosphère the main source of heat is provided from the 
asthenosphere. The source of the highly evolved Paulis 
Granites is proposed mainly pelitic. Previous authors 
assigned mixed source for the whole suite which contains 
rock types from alkali granites to more basic type of igneous 
rocks. According to Tatu (1998) it is confirmed that Paulis 
Granites were formed in post-orogenic tectonic setting in a 
late Variscan tectogenetic stage, following the main collision 
event. 
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ABSTRACT 
A new occurrence of nordstrandite was described from NE Hungary (Aggtelek-Rudabdnya Mts). This mineral appeared in red clayed matrix 
of conglomerates accumulated in dolines from Triassic platform limestone. It was investigated by X-ray diffractometry, thermal analyses, 
SEM-EDS. By X-ray analyses it was possible to separate the nordstrandite from other crystalline modifications of Al(OH)3. Nordstrandite 
appears as individual or radial crystal aggregates in voids (fissures or cavities). In our case the nordstrandite precipitated from amorphous 
Al(OH)3 gels, from the alkaline phreatic solutions, infiltrating along the fissures of the clayed matrix of conglomerates. Nordstrandite was 
most probably formed during Late Miocene-Pleistocene. 
Key words: Nordstrandite, Aggtelek-Rudabanya Mountains (NE Hungary), terra rossa, X-ray diffractometry, thermal analyses, SEM-EDS. 
INTRODUCTION 
A half of century ago Van Nordstrand et al. (1956) 
synthesized a new form of Al(OH)3, what was later named 
nordstrandite by Papee et al. (1958). Many natural 
occurrences have since been reported (Table 1). According to 
Milton et al. (1975), Chao and Baker (1982) and Dani et al. 
(2001) these may be classified into five groups of natural 
occurrences of nordstrandite (Table 1): 
1. the most important, as a weathering product in bauxitic 
profiles influenced by carbonatic rocks, 
2. as a vein or fissure-filling mineral in dolomitic oil shale, 
3. as an alteration product of dawsonite and alumohydrocalcite, 
4. as a late-forming mineral in pegmatitic pockets and 
miarolitic cavities associated with nepheline syenite and 
sodalite alkaline rocks, 
5. weathering product in bauxite derived from alkalic 
igneous rocks, 
6. as recent products in discharged caustic waste. 
WHAT IS NORDSTRANDITE? 
There are four naturally occurring polymorphous 
Al(OH)3: gibbsite (JCPDS-cards: 7-0324, 29-0041, 33-
0018), bayerite (JCPDS-card: 20-0011), nordstrandite 
(JCPDS-card: 24-0006), and doyleite (JCPDS-card: 38-
0376). All occur in the nature, in natural conditions most 
frequently gibbsite. 
The structure of all these minerals is build up from 
octahedral layers of Al(OH)6. Differences are in the ways of 
stacking the layers of Al(OH)3 octahedra. This determinates 
the symmetry and size of the unit cell of minerals, causing 
smaller differences. The general structure of the four 
modifications of Al(OH)3 is presented in the Figure 1. 
HISTORICAL BACKGROUND OF THE HUNGARIAN 
NORDSTRANDITE OCCURRENCES 
Nordstrandite was first described in Hungary by Náray-
Szabó and Péter (1967), based on the X-ray investigations 
from the 1-5 pm fraction of brick clays. According to 
Viczián (1999) although based on chemical analyses these 
fractions contain Al(OH)3, but these can not be assigned to 
nordstrandite and bayerite. The determination of the above 
mentioned two minerals by X-ray analyses is uncertain, 
because their reflections coincide/interfier with the peaks of 
kaolinite, chlorite and plagioclase. Consequently the Al(OH)3 
determined by Náray-Szabó and Péter (1967) refer to 
amorphous phase. 
Koch (1985) mentioned the presence of nordstrandite in 
bauxite samples from Csordakút (Transdanubian Range), 
also investigated by X-ray diffractometry. Albert and Mátrai 
(1970), Albert et al. (1973) mentioned bayerite and 
nordstrandite in brick clays (in l-5pm fraction), but according 
to Viczián (1999) these were not prooved with certainty. 
OH" 
Fig. 1. General structure of modifications of Al(OH)3. 
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Table 1. Reported geological occurrences of nordstrandite. 
Geological setting, location Type Associated Al-minerals Geological age References 
Ferruginous limestone and bauxite 
(Jamaica) 1 Gibbsite, boehmite Upper Miocene 
Davis & Hill 1973 (in 
Milton et al. 1975) 
Interface limestone and fossil soil derived 
from basalts and tuffs (Sarawak, Borneo) 1 Gibbsite, diaspore? Upper Miocene Wall et al. 1962 
Interface limestone and weathered 
intermediate to basic igneous rock (Guam) 1 Gibbsite, boehmite Upper Miocene 
Hathaway and 
Schlanger 1962 
Interface limestone and weathered volcanic 
rocks (French Polynesia) 1 Gibbsite, boehmite Pleistocene Jamet et al. 1991 
Brick clay (Hungary) 1(?) Gibbsite, bayerite? Upper Miocene Náray-Szabó and Péter 1967 
Karst limestone, terra rossa (Montenegro) 1 Gibbsite, boehmite Upper Miocene Tertian 1966 (in Millotet al. 1975) 
Karst limestone, terra rossa (Croatia) 1 Gibbsite, boehmite Upper Miocene Marie 1968 
Solution cavities on the surface of 
carbonate rocks (Magnetite mines, 





No data Kulikova et al. 1974 
Karst limestone, terra rossa (Hungary) 1 Kaolinite, hematite, Al-goethite, boehmite Upper Miocene This study 
Fissure fillings in dolomitic marlstone and 
oil shale (Rio Blanco, Colorado, USA) 2 Dawsonite Miocene Milton et al. 1975 
Authigenic in marine and in fluviodeltaic 
strata (Sydney Basin, New South Wales, 
Australia) 
3 Dawsonite, alumohydrocalcite Pleistocene 
Goldberry and 
Loughnan 1970 
Cavities in nepheline syenite (Narssarssuk, 
Greenland) 4 No data No data Petersen et al. 1976 
Pegmatites, miarolitic cavities and xenoliths 
in nepheline syenite (Mont St-Hilaire, 
Quebec, Canada) 
4 Doyleite, dawsonite No data Chao and Baker 1982 
Cavities in hauyn-nephelinite (Stradner 




(Later Pliocene) Alker et al. 1981 
Bauxite derived from phonolite 5 Gibbsite, boehmite Upper Tertiary (Pliocene?) Dani et al. 2001 
New products in discharged caustic waste 
(Campbell Island, Southwest Pacific) 6 
Bayerite, gibbsite, 
brucite, pseudoboehmite Recente Rodgers et al. 1991 
Szakáll and Gatter (1993), Szakáll et al. (2005) consider that 
the presence of these minerals is not proved properly from 
the Hungarian occurrences. 
The present paper describes the new occurrence of 
nordstrandite from the Aggtelek-Rudabánya-Mountain, NE-
Hungary (Szőlőhegy, Kápolna). 
GEOLOGICAL BACKGROUND 
The Aggtelek carbonate platform in which the 
nordstrandite was detected forms a 1-3 km wide belt in the 
karstified Aggtelek Hills. It strikes NW/SE over a distance of 
about 7 km between Aggtelek, Jósvafő and Égerszög in NE 
Hungary. The Triassic formations building up the Aggtelek 
Karst belong to the Silica Nappe, which forms the uppermost 
nappe of the Inner West Carpathians (Kozur and Mock 
1973). 
The Aggtelek platform as part of the non-metamorphosed 
Aggtelek-Rudabánya Hills belong to the North Pannonian -
Inner West Carpathian terrane collage and they are situated 
in the NE part of the large, composite Pelso Megaunit (Fülöp 
et al. 1987, Haas ed. 2001) or Pelsonia Composite Terrane 
(Kovács et al. 2000) (Fig. 2). 
On the Middle Triassic carbonate platform lagoonal and 
reef limestone were deposited. In the Miocene (Sarmatian-
Badenian) the Triassic platform carbonates were uplifted and 
during the denudation period in the karstic doline 
conglomerates with red clay matrix cement were formed. In 
the Pleistocene terra rossa with considerable Si02 content 
filled the karstic dolina. The conglomerates were formed 
during the Miocene or Pleistocene karstic event (Szentpétery 
et al. 2006). 
NORDSTRANDITE OCCURRENCES 
In the Aggtelek-Rudabánya-Mountains nordstrandite 
occurs in the karstic doline conglomerates. The clasts of the 
conglomerate are in red, clayed matrix, sometimes the 
texture is grain supported. The carbonate clasts are slightly 
angular and rounded, the diameter of which varies between 2 
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mm and 3 cm. On the edge of the biggest clasts stylolith can 
be seen, along which dark red clay concentrates. The same 
dark red clay fills the fractures and fissures, dissecting the 
matrix of the conglomerate (Fig. 3). 
Nordstrandite was first detected by X-ray investigation 
from the insoluble residue of the red clayed matrix of the 
carbonate conglomerate deposited in the karstic doline of the 
Middle Triassic platform limestone. Two samples yielded 
nordstrandite: Szőlőhegy-11/a (21%) and Kápolna-1 (7%). 
The present of nordstrandite was confirmed by electron 
microprobe analyses carried on at Eötvös Loránd University, 
Department of Petrology and Geochemistry. 
METHODS 
The X-ray diffraction analyses were done by Philips PW 
1710 diffractometer under the following conditions: Cu anti-
cathode, 40 kV and 30 mA tube-current, graphite 
monochromator, goniometer speed 2 °20/minute. The 
mineral composition was calculated on the basis of the 
relative intensity rates of the reflections characteristic to the 
minerals, applying the literature or experimental corundum 
factors on minerals. 
The thermoanalytical investigation was executed using a 
Derivatograph-PC, a computer controlled simultaneous TG, 
DTG, DTA apparatus. The tests were carried out in ceramic 
(corundum) crucible, up to 1000 °C. The temperature of the 
furnace was regulated by a linear heating program at a rate of 
10 °C/min. The analytical conditions: air atmosphere, mass 
of sample about 100 mg, reference material A1203. 
Chemical analysis were preformed on several small 
crystals by electron microprobe analysis (Department of 
1E3ETHJ 
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Fig. 3. Carbonatic clasts in red clayed matrix (Field of view 
is 6 cm wide). 
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Petrology and Geochemistry of University of Eötvös 
Loránd), using an AMRAY 1830I/T6 instrument, operated in 
energy dispersive (EDS) mode (EDAX PV 9800) at 20 kV, 
with 1 -2 nA sample current. 
X-RAY DIFFRACTION DATA 
Samples of nordstrandite were separated from the 
conglomerate. The calcite contant was eliminated by dilute 
acetic acid (20%). The finer clayed matrix was removed from 
the acid insoluble residues by wet sieving with distilled 
water. The mineralogical composition (%) of the insoluble 
residues is presented below (Table 2). 
Table 2. The mineralogical composition (%) of the insoluble 
residues of the nordstrandite-bearing samples. 
Minerals Sample Szőlőhesv-11/a Sample Kápolna-1 
Montmorillonite 2 4 
Kaolinite 29 43 
Muscovite 13 15 
Quartz 5 5 
K-feldspars - 1 




Nordstrandite 21 7 
Al-goethite 1 2 
Hematite 8 9 
Anatase 2 2 
Rutile 1 -
Bassanite 2 2 
Amorphous 6 7 
The X-ray powder diffraction data for the separated 
insoluble residues are given in Table 3. along with the data 
for nordstrandite, and other minerals. The X-ray 
diffractogram of the residual rest in the range of 8 - 26 °2 0 
is shown in Figure 4. Table 4 represents the most important 
X-ray data for the distinction of different crystalline 
modifications of Al(OH)3. 
On Fig. 5 may be seen the characteristic reflections of 
nordstrandite (4,790 Â), gibbsite (4,849 Â) and bayerite 
(4,710 Â) in the investigated sample. Although the 4.794 A 
peak of doyleite is situated near the 4.790 Â peak of 
nordstrandite, but other peaks of the doyleite can not be 
identified (4.076 À, 3.096 A, 2.421 À, 2.361 À, 2.325 À). 
Fig. 4. The X-ray diffractogram of the residual rest in range 
of 8-26 °20. 





JCPDS 24-0006 Other minerals 
dA Ire, dA Irel h k 1 
9.952 10 Muscovite 
7.146 31 Kaolinite 
6.109 5 Boehmite 
5.924 12 Bassanite 
4.974 10 Muscovite 
4.780 100 4.790 100 0 1 0 
4.467 18 Muscovite. Kaolinite 
4.370 12 Kaolinite 
4.324 13 4.320 25 0 0 1 
4.250 15 4.210 18 1 0 -1 Quartz 
4.193 15 Kaolinite 
4.164 18 4.160 12 1 0 0 
3.883 8 3.890 12 1 1 0 
3.841 6 Kaolinite 
3.773 7 Kaolinite 
3.643 17 3.610 8 1 1 -1 
3.573 36 Kaolinite 
3.528 19 Anatase 
3.433 7 3.430 6 0 1 1 
3.377 11 Kaolinite 
3.340 49 Quartz 
3.246 11 Rutile 
3.197 11 Plagioclase 
3.177 10 Kaolinite 
2.965 13 Muscovite 
2.884 18 Muscovite. Dolomite 
2.797 6 Muscovite 
2.699 14 Hematite 
2.564 15 Muscovite. Kaolinite 
2.514 18 Hematite 
2.496 13 Kaolinite 
2.480 12 1 2 0 
2.453 10 2.455 8 1 0 1 
2.388 14 2.393 25 0 2 0 
2.345 16 Kaolinite 
2.333 6 1 2 -1 
2.297 3 Kaolinite 
2.283 6 Quartz 
2.271 30 1 1 -2 
2.260 6 Kaolinite 
2.202 6 Hematite. Kaolinite 
2.189 9 Rutile 
2.032 14 Sample holder 
2.015 8 2.016 25 1 2 1 
1.994 9 Muscovite. Kaolinite 
1.977 7 Muscovite. Kaolinite 
1.945 6 2 2 0 
1.903 5 1.902 20 -2 1 1 
1.783 5 1.784 14 1 2 0 
1.711 5 Muscovite 
1.695 7 Muscovite, hematite 
1.669 7 Kaolinite 
1.600 2 1.598 6 2 3 -1 
1.545 4 1.547 6 3 2 -2 
1.542 5 Quartz 
1.503 6 Muscovite 
1.490 7 Kaolinite. hematite 
1.453 8 Hematite, rutile 
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Table 4. Crystalline modifications of Al(OH)3 
Name Bayerite Doyleite Gibbsite Nordstrandite 
JCPDS Card 20-0011 38-0376 07-0324 29-0041 33-0018 24-0006 
Kcflectim |:°lhrm il I \i 
THERMAL BEHAVIOUR 
Thermal reaction(s) of nordstrandite are very similar to 
the natural gibbsite (dehydroxylation at about 280 °C). 
Thermal decomposition appears to proceed as follows: 
Al(OH)3 -> y-Al203 + H 20 
than 0-Al2O3 a-Al203 
(Ivanova et al. 1974, Sato 1986, 1987) 
Hathaway and Schlanger (1962) mentioned that the 
D.T.A. of nordstrandite is of limited diagnostic value. 
Mackenzie (1970) gives this dehydroxylation reaction 
between 320-330 °C. Van Alker et al. (1956) presented two 
distinct endothermic reactions, at 110 °C and other stronger 
at 270 °C. The low temperature water escape at about 100 °C 
of our sample may be also the reaction of the small amount 
of bassanite or montmorillonite present in the rock (Fig. 6). 
SCANNING-ELECTRONMICROSCOPE AND MICROPROBE 
The scanning-electronmicroscope shows the euhedral 
nordstrandite crystals to be elongated and prismatic (20-40 
pm). These appear as individual or radial crystal aggregates 
in voids (fissures or cavities) in Triassic karst limestone terra 
rossa (Fig. 7). 
GENESIS 
The nordstrandite is crystallised at high pH value (7,5-9) 
(Van Nordstrand et al. 1956). It is not stable on a longer 
Fig. 5. Characteristic reflections of nordstrandite, gibbsite and bayerite. 
Fig. 6. Thermoanalytical curves of nordstrandite-bearing sample. 
SatelHt* cTMtan DATE: 02/27/06 101 i»m 
Fig. 7. SEM photomicrographs and EDS spectra (1) of nordstrandite crystals. 
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time. Its appearance is not likely in deposites older than 
Miocene, because due to pressure and longer time period it 
recrysallises into gibbsite. It appears most frequently in karst 
bauxites, in laterites only by alkaline pH. It can be found 
frequently in terra rossa deposites formed on carbonatic rocks. 
In addition to this nordstrandite occurs in cavities of nepheline 
syenite and in bauxites formed on phonolite (Table 1). 
In our case the nordstrandite precipitated from 
amorphous Al(OH)3 gels, from the alkaline phreatic 
solutions, infiltrating along the fissures of the clayed matrix 
of conglomerates accumulated in dolines of Triassic 
limestones. The huge amount of nordstrandite (sample 
Szőlőhegy-11/a) refers to in situ precipitation. Taking into 
consideration the geological history of the area (Szentpétery 
et al. 2006) nordstrandite was formed during Late Miocene-
Pleistocene. Because of many of its properties, in particular 
the X-ray diffraction pattern, are similar to gibbsite, 
nordstrandite is probably an unrecognized constituent in 
many other similar terra rossa occurrences. 
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ABSTRACT 
Three pyrite generations were described in the Bálvány Composite Section based on morphology, WDX and S34S data. Among them the 0.1-
0.2 mm size, isotopically light euhedral pyrite is early diagenetic. This generation was found in the whole section. The "boundary shale" is 
characterised by microbial pyrite framboids, which formed on the surface, or close to the surface of the sediment around the redox boundary 
with the presence of dysoxic bottom-water. This, and the laminated structure of the sediment prove anoxic conditions in the whole sediment. 
Most probably there was dysoxic bottom water. The third generation is also euhedral, but has a larger grain size (1-2 mm). Based on 534S 
data and sphalerite inclusions, this generation is of late diagenetic or hydrothermal origin. This type occurs only in the shale and the top of 
the underlying limestone. The sulphides of the section are almost totally oxidised. 
Key words: 8 S, pyrite, Bálvány-hill, Permian - Triassic boundary. 
INTRODUCTION 
Related to a multidisciplinary research project (Haas et 
al. 2004, Haas et al. 2007), we studied the pyrite content and 
its sulphur isotope composition of the Bálvány Composite 
Section. This carbonate-dominated section contains the 
continuous Permian - Triassic boundary. 
The sulphur isotope composition of authigenic sulphides 
(predominantly pyrite) can provide useful data about the 
environment of the sulphide formation (connection of the 
pore- and the sea-water, oxygen content of the bottom 
water). There are three general sources of sulphur in a 
carbonatic sediment. The sulphides, the sulfates and the so 
called carbonate associated sulfates (CAS). In the same rock 
usually the sulphides contain isotopically light sulphur and 
the sulphates contain isotopically heavy sulphur because of 
the fractionation. Kaiho et al., (2006) studied the sulphur 
isotopes at the Bálvány and Meishan (S-China). They made 
selective sulphur extraction in the Bálvány-section. They 
separated the CAS and the sulphide sulphur. The CAS was 
varied between +10.2 - +26.6 %c §34S. They observe 
fluctuations from which the biggest is in the boundary shale. 
They conclude this signal profile is simultaneous in both 
sections and also in Siusi (Italy). This shift to lighter isotope 
values can be the result of increased sulphide formation. 
They give four different hypotheses for the extra sulphur: 1: 
release of H2S from the euxinic ocean water due to abrupt 
warming by volcanic C0 2 or impact shock wave; 2: volcanism 
penetrated huge sulphide ore deposit; 3: extraterrestrial impact 
into sulphide rich sediment or ore; 4: release of mante origin 
sulphur by impact of huge asteroid (>70 km). 
Gorjan et al. (2007) investigate sulphate and sulphide 
S34S and pyrite morphology (this only at Bulla) in the Bulla 
section (Italy) and the Bálvány section. They use the same 
samples from Bálvány as Kaiho et al. (2006). Their sulphide 
834S values in the Bálvány section are 10-15 %c more 
negative then the sulphate 8 4S (Kaiho et al. 2006). They do 
not distinguished among the different pyrite fractions and not 
separated them, thus their result could be questionable (see 
this study), but their observation about dysoxic/euxin 
condition in the seawater at the P/Tr boundary is likely 
correct. Shen et al. (2007) report pyrite framboids from the 
Meishan section (S-China) with narrow size distribution and 
average diameter of 4.6-8.7 pm. It coincides with the mass 
extinction event. They think this is the sign of dysoxia, 
which was a global scale marine event during the Permian-
Triassic transition. Jiang et al. (2006) publishes two different 
pyrite generations (none of them is framboidal) from the 
same section. One of them has a bacterial origin which 
formed in the shallow burial zone. It's 834S value varies 
between -15 - - 40 %c. The second appears at the top of the 
upper Permian Changxing Formation, and has volcanic 
origin with much higher 8 4S value. The highest is +2.2 %c 
834S. This pyrite forms distorted and elongated cubes and 
interlocking crystal forms of pentagon-dodekahedron. 
LOCATION, GEOLOGICAL SETTING 
The section is located close to the top of the Bálvány Hill 
in the Bükk Mountains (about 120 km NE of Budapest). This 
composite section is exposed in two outcrops within a 
distance of a few hundred meters from each other. The 
outcrop containing the lower part of the section is situated on 
the northern slope of the hill and is called "Bálvány North". 
The upper part of the section is cropping out at the eastern 
side of the hill and is referred to as "Bálvány East". The 
section contains the top of the black, thick bedded 
Nagyvisnyó Limestone Formation and the lower part of the 
Gerennavár Limestone Formation. 
The upper Permian, thick bedded, inner ramp facies 
Nagyvisnyó Limestone Formation is rich in fossils. It is 
followed by a thin bedded, fossile-poor limestone, belonging 
to the lowermost part of the Gerennavár Limestone 
Formation. Between the two limestones there is an about one 
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meter thick shale, which forms the 
uppermost part of the Nagyvisnyó 
Formation. This layer can be interpreted 
as boundary shale between the Permian 
and Triassic layers. It contains 
numerous relics of upper Permian 
bivalve and brachiopod fauna (Csontos 
Kis and Pelikán 1990, Hips and Pelikán 
2002, Haas et al. 2004, Posenato et al. 
2004, 2005). Conodont data (Haas et al. 
2004, 2007) also support the upper 
Permian age for the shale. The next 8.5 
m thick limestone contains only a few 
ostracods and primitive arlandias. After 
17 m of mudstone limestone, a 
brownish grey, thick bedded limestone 
starts which is a typical rock type for the 
Gerennavár Formation. This limestone 
is more than 100 m thick, dominantly 
ooidic, sometimes bioclastic with 
grainstone texture. These facies indicate 
continuation of sediment deposition in 
shallow marine environment after the 
ecological crisis. 
MATERIALS AND METHODS 
We collected 34 samples from the 
Bálvány sections for mineralogical 
studies (9 samples from the limestone 
part, 13 from the shale of the 
Nagyvisnyó Formation, and 12 samples 
from the Gerennavár Formation). 
500 g of crushed samples was 
weighted for micro-mineralogical 
studies. First the carbonate component 
was dissolved, with 10 v/v% 
hydrochloric acid, then the residue was 
disintegrated with ultrasound and 
washed out in a 0.25 mm sieve. The 
coarser fraction was ground in agate 
mortar (except large single pyrite 
crystals). This carbonate-free residue 
was washed until neutral pH. Using a 
0.063 mm sieve the 0.25-0.063 mm 
fraction was separated from the finer 
material. Heavy mineral separation was 
done by settling in bromoform (density 
2.78 g/cm3). From the heavy-fraction, 
the pyrite grains were separated under a 
stereomicroscope. 
Sulphur isotope measurements 
Three samples contained unaltered 
pyrite of which we tried to measure the 
sulphur isotope composition. These 
samples are from the eastern section: 
the "boundary shale" (BK 3) and just 
below (BK 2) and above the "boundary 
shale" (BK 4). The BK 2 pyrite sample 
composed of small euhedral crystals. 
The sulphur content of the BK 3 
"pyrite" sample was too low to perform 
isotope measurement, because of 
oxidation. The BK 4 sample contained 
both euhedral pyrite types, which could 
be separated under stereomicroscope, 
thus we were able to determine the 
sulphur isotope composition separately. 
The digestion of the samples and the 
precipitation of sulphur as BaS04 were 
done in a laboratory of the Geological 
Institute of Hungary. The digestion was 
done by a mixture of Na2C03 and 
KN03. After filtering the solution, all 
the sulphur content was precipitated as 
BaS04 by BaCL. This process extracts 
all the sulphur (sulphide, sulphate) 
content of the sample. 
The sulphur isotope ratio was 
determined in the barium-sulphate 
using the method of Halas et al. (1982), 
at the Nuclear Research Institute of the 
Hungarian Academy of Science, 
Debrecen. NBS-127 barite standard 
was used as reference material. The 
measurements were done in a high-
precision McKinney-Nier type stable 
isotope mass-spectrometer. For further 
technical details see Hertelendi et al. 
(1986). The 834S data are reported as 
%o relative to the Vienna Canyon 
Diablo Troilite (V-CDT) standard. 
RESULTS 
Description of the heavy fraction 
The >63 pm heavy mineral fraction 
dominantly build up by limonitised 
rock fragments and limonitised, 
hematitised pyrite and marcasite 
crystals. The >63 pm heavy mineral 
residue is generaly 0.25 g (between 
0.006-2.009 g). More than 99 % of the 
sulphides is oxidized. Only two 
samples (BK 2 and BK 4), both from 
the Nagyvisnyó Formation of the 
"Bálvány East" section contained 
enough unaltered pyrite for 834S 
measurements. These samples are from 
the eastern section just below and 
above the "boundary shale". The BK 4 
sample contained two pyrite types, 
which could be separated under 
stereomicroscope. 
Detrital pyrite and sphalerite are also 
found in the section. Detrital pyrite 
occurs as inclusions in almandine, 
dravite and ferrotschermakite and as 
accessory mineral in amphibolite. 
Sphalerite is found in individual, 200 
pm size grains in the shale and above 
the shale. 
Morphology 
All the samples contained 
subordinate singenetic and/or 
postgenetic pyrite or Fe-oxihydroxides 
after pyrite. The phases were divided 
into three main morphology groups: 
euhedral pyrite, framboidal pyrite (Fig. 
1), and subordinate amount of infilling 
of fossils (Fig. 2). The euhedral pyrite 
was subdivided to two groups 
according to their size. 
Fig. 1. Framboidal pyrites from the "boundary shale". 
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The euhedral pyrite with relatively 
small crystals (0.1-0.2 mm) (Fig. 3) are 
typical for the section. The euhedral 
pyrite with relatively large crystals (1-
2 mm) (Fig. 4) occurs only in few 
samples around the „boundary shale". 
Framboidal pyrite is characteristic only 
for samples from the „boundary shale" 
and nearby samples below and above 
that. In these samples the framboids are 
abundant. 
Euhedral pyrite with large crystals: 
Many combinations appear from 
simple hexaeder to more complex 
forms. Characteristic growth-lines are 
also visible. The comers and the edges 
are sharp, unrounded. The surfaces of 
the crystals are usually oxidized. 
According to WDX measurements the 
Zn and Cu content are under the 
detection limit. In polished surfaces 
small sphalerite inclusions were visible 
in the crystals. 
Framboidal pyrite: 
The sizes of the framboids are 
between 100-150 pm. The 
morphological properties allowed us to 
easily separate the framboids from other 
spherule-looking grains under 
stereomicroscope. Also the polished, 
condrum-like inner structure was 
significant (Fig. 5). All the spheres are 
oxidized without any sulphur content 
remaining. The composition of the 
framboids was measured by WDX on 
polished surfaces. The chemical 
compositions are listed in Table 1. 
Sulphur isotope data 
The sulphur content and isotope data 
are listed in Table 2. The BK 2 and the 
BK 4 (small euhedral crystals) samples 
have similar 534S values: -15.8 %c and -
17.7 %c. The large crystals of sample 
BK 4 have a significantly different 
value: +7.8 %c. 
DISCUSSION 
Based on the -16 and -18 %c values, 
the small euhedral pyrite was formed in 
the sediment. If there would be anoxic 
environment in the water column, the 
834S value has to be more negative for 
the pyrite which could be formed on the 
sediment surface. It can not be formed 
in the water column because of their 
size. Based on this assumption the sea-
water was not anoxic. The formation of 
pyrite framboids is around the redox 
Fig. 3. Euhedral pyrite crystal with growth lines from the "boundary shale". 
boundary, because it needs partly 1997). This formation happens in the 
oxidised sulphur (Wilkin and Barnes topmost layers of the sediment with the 
Fig. 2. Pyrite infilling of fossils from the Nagyvisnyo Formation, 
Fig. 4. Euhedral pyrite crystals with growth lines from the Nagyvisnyo Formation, 
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presence of dysoxic bottom-water. Framboids can 
syngenetically form in the water column, if the redox 
boundary is in the water, or they can form diagenetically in 
the sediment. They can be easily distinguished from each 
other, because the syngenetic framboids are smaller (<6 pm) 
and have narrow size distribution. The size of them is 
limited, because the dense particles rapidly sink out of the 
water column. The diagenetic framboids are much bigger 
then them (Wilkin et al. 1997, Wignall et al. 2005). This size 
difference is important especially in weathered samples, as 
we have at the Bálvány-section, because the oxidation can 
change the geochemical composition of the sample, but the 
pseudomorphs after the framboids can easily be examined 
(Wignall et al. 2005). Thus the bottom water most probably 
was dysoxic. The not anoxic sea-water is also supported by 
the presence of megafauna. In contrast to this, the "boundary 
shale" and the overlying beds are laminated. The presence of 
fossils together with the lamination is controversial. The 
fossils could have suffered short transportation. The lack of 
bioturbation could be the result of the mass-extinction or the 
boundary of the anoxia was at the sediment surface or very 
close to that. These questions require more work to 
understand them. 
The 834S of the large euhedral pyrite is +7.8 %c, which is 
26 %c higher than the small crystals. It means this type of 
pyrite generation can not be early diagenetic. It has to be 
formed in a system which was closed from the seawater. 
Most probably this generation was formed by a later 
hydrothermal event, but based on the 834S value, late 
diagenetic origin can not be excluded. Presence of sphalerite 
inclusions agrees with both interpretations. 
At the Ursula Creek (British-Columbia, Canada) a 
continuous Permian - Triassic deep water section is known. 
Here a continuous decrease can be seen in the oxygen 
fugacity of the bottom-water during the Changshingian, 
marked by the lack of bioturbation, concentration of 
authigenic uranium minerals and formation of framboidal 
pyrite. This resulted anoxia at the end-Changshingian -
early-Triassic (Wignall and Newton 2003). 
In the Gartnerkofel (S-Caravancas) section and the 
Gartnerkofel-1 drill core around the Permian - Triassic 
boundary large amount of pyrite was formed. The pyrite is 
partly framboidal and partly euhedral (small hexaeders). The 
oxidation of the pyrite was done in two steps: during the 
Cretaceous and the Holocene. The sizes of the framboids are 
between 20-100 pm. The -18 - -27 %c S34S values of the 
framboidal pyrite support its bacterial origin. The pyrite is 
syngenetic-diagenetic, and was formed in reductive 
environment (Attrep et al. 1991, Holser et al. 1991). This 
"two step oxidation" could be the case in the Bálvány section 
also, because a Cretaceous metamorphism is proved there. 
More data has to be collected to prove this comparison. 
Many similarities can be found among the Bálvány 
section and the other sections around the world: significant 
mass-extinction below the biostratigraphical boundary, 
followed by low oxygen fugacity and pyrite formation, the 
presence of the "boundary shale" and the similar facies of the 
limestones. Based on these data some peculiarities can be 
found in the whole Paleothetys, but local processes strongly 
influenced or overprinted them. 
from the "boundary shale" (backscattered electron image). 
Table 1. WDX data of the framboidal pyrite. Elements under 
detection limit: Na, K, Mn, Ti, Cr, Ni (and S by EDX). 
Analysis Grain Si02 Fe203 MgO AI2O3 CaO Summ. 
123 79 2.81 75.41 0.54 0.82 0.32 79.91 
124 79 3.06 79.61 0.47 0.98 0.47 84.59 
125 80 1.96 77.96 0.31 0.13 0.24 80.59 
126 80 4.27 75.31 0.67 2.24 0.50 82.99 
127 81 4.92 73.22 0.36 1.57 0.54 80.61 
Table 2. Sulphur content and 514S %o of the pyrite separates 
from the Bálvány section. 
Sample S % 534S %c 
BK 2 (small crystals) 5.82 -15.8 
BK 4 (small crystals) 9.60 -17.7 
BK 4 (large crystals) 53.30 +7.8 
BK 3 (small crystals) 0.08 non measurable 
CONCLUSIONS 
The small euhedral pyrite was formed in the sediment, 
with -16 and -18 %c834S values. 
The formation of pyrite framboids happened in the 
topmost layers of the sediment is around the redox boundary 
with the presence of dysoxic bottom-water. This, and the 
laminated structure of the sediment prove anoxic conditions 
in the whole sediment. Most probably there was dysoxic 
bottom water. The not anoxic sea-water is also supported by 
the presence of megafauna. 
The large euhedral pyrite has 26 %o 534S, thus this type of 
pyrite generation can not be early diagenetic. Most probably 
this generation was formed by a later hydrothermal event, or 
has late diagenetic origin. Presence of sphalerite inclusions 
agrees with both interpretations. 
"Two step oxidation" (Cretaceous and Holocene) of the 
pyrite could be the case in the Bálvány section as it 
mentioned in the Gartnelkofel sections. 
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FOLD SYSTEMS IN THE „MORAGY FORMATION", MECSEK MOUNTAINS, 
SOUTH-TRANSDANUBIAN REGION, HUNGARY 
ERNŐ MAUL 
H-7140 Bátaszék, Kossuth L. u. 18., Hungary 
ABSTRACT 
In the quarries of Mórágy and Bátaapáti four fold systems have been determined. It was also possible to determine the possible orogenic 
phases. 
Editorial note (Tibor Szederkényi): 
Concerning investigations carried out for the radioactive waste disposal in the Eastern Mecsek Mountains, new tectonic evaluations were 
made mainly in the area of the Mórágy Hill. These interpretations became widely accepted by now. However, based on field observations by 
other researchers, ideas different from these were formulated. The author - who is the doyen of Hungarian geology - have dealt among 
others more than sixty years with this topic. He has numerous statements, which are in contrast with the new interpretations. There might be 
some doubts concerning his opinion on the tectonic character and development of the crystalline mass of Mórágy Hill, nevertheless, these 
conclusions deserve a debate. Our periodical is willing to provide a framework for these discussions. 
Key words: Mórágy Formation, fold systems. 
INTRODUCTION 
In 1940 count Géza Teleki- in his 
paper- supposes, Mecsek Granite being 
folded by a system of NNW-SSE 
direction. In April 1943- on a 
geological excursion- Assistant 
Professor Sándor Vitális-in the quarries 
of Mórágy and Kismórágy-
demonstrated granite rocks being 
multiple folded (Fig. 1-2). 
DESCRIPTION OF FOLD SYSTEMS 
According to author's research 
work during the last four years- there 
were four fold systems in the Mecsek 
Mountains and the Granite Region- as 
follows: 
Axial plane 105-285°: Vergency 
toward 195° Austrian orogenic phrase. 
Axial plane 15-195°: Vergency toward 
105° Subhercynian orogenic phrase. 
Axial plane 60- 240°: Vergency toward 
150° .Early Laramian 
Axial plane 150-330°: Symmetric 
folds- commonly no vergency. Late 
Laramian pfase. In the Mecsek 
Mountains No.l. and No.3. are 
common, (more than 99%) No.2. and 
No.4. are very rare 
Fig. 1. Topographic sketch of the investigated quarries after Szabados (1995), with 
modifications. 
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In the two examined quarries, the ratio among the four 





The 40% of system number 4 proves evidence to count 
Geza Teleki's assumption of a NNW-SSE system. 
It is notewonthy that the lineation of bostonite slabs and 
phenocrysts of sanidine is parallel to the main shear planes-
on the limbs of folds and on the fracture cleaveges. Parallel 
lineation could be obtained near these shear surfaces within a 
distance of 10-15 cm. Beyond this distance crystals and rock 
fragments are placed irregularly. 
CONCLUSION 
Four fold systems have been determined in the two 
quarries. System number 4 which occurs rarely in the 
Mecsek Mountains- is found here to reach a value of 40%-
which proves count Geza Teleki's statement about the 
folding of granitic rocks. 
Quarry. Only anticlines demonstrated. Arrows indicate 
direction and plunge of folds. Ground -level contours from 
E. Dudko. 
Fig. 3. (A) Mórágy Quarry 16-18 m. Left limb of anticline; slabs of bostonite are paralell to the shear planes. Planes dipping to 
the right are fracture cleavages. (B) Mórágy Quarry 25-33m. (C) Mórágy Quarry 50 m. (D) Mórágy Quarry 84-86m. (E) 
Mórágy Quarry 25-33m. Bostonite slabs and sanidine phenochrysts parallel to main shear planes. (F) Sketch illustrating 
lineation in folds. Left limb. 
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Fig. 5. Stereographies Projection of Mórágy and Bátaapáti Quarry folds. Lower hemisphere. (A) Mórágy Quarry 14-25m. Fold 
system No.3. (B) Mórágy Quarry. 27-33m. Fold system No.3. (C) Mórágy Quarry 50m. System No.l. Axis dislocated by 
system No.4. (at 64-68m). (D) Mórágy Quarry 64m. Fold system No.4. (E) Bátaapáti Quarry. Probably system No.2. 
dislocated by No.3. and No.4. systems. 
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